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SUMMARY 

As mid IR f iber  optic systems are  rapidly approaching a r ea l i t y ,  so 
i s  t h e  f eas ib i l i t y  of f iber  optic laser  heterodyne systems. Laser hetero- 
dyne spectroscopy for  high resolution monitoring o f  atmospheric gaseous 
pollutants i s  necessarily in the mid IR, the region in which the absorption 
signature of gaseous species is  most prominent. I t  so happens t h a t  the lowest 
theoretical loss due t o  Rayleigh-Brillouin scat ter ing a l s o  J i e s  i n  the mid IR. 
Prospects of highly e f f ic ien t  laser  heterodyne systems are thus very good. 

i n  the midst of a t e s t  program o f  such f ibers  with ambient temperature r a n g i n g  
from cryogenic t o  above room, and s t r ingest  mechanical f l ex ib i l i t y  requirements 
Preliminary resu l t s  are encouraging. We are now launching into a program of 
exploring possible mid IR f iber  optic device applications, by t a k i n g  advantage 
of t h i s  phonon rich region. The potential long interaction length i n  f ibers  
coupled w i t h  predicted extremely low losses point t o  stimulated Brillouin 
scattering based devices in the mW range. The generation of back-scattered 
sBs a t  low laser  powers i s  signifikant n o t  only as an ultimate power l imiting 
factor fo r  laser  transmission i n  f i be r s  i n  the mid IR, ‘ b u t  also the presence 
of frequency-shifted multiple order sBs Stokes and  antistokes l ines  will 
cer ta inly have severe e f fec t  on the laser  beats crucial i n  h i g h  resolution 
heterodyne spectroscopy. The capabili ty of phase conjugation by sBs and the 
existence of  a threshold can serve a s  the basis for  wavefront reconstruction 
and optical switching. 

Such f ibers  are now beginning to  be commercially available, and we are 
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CHAPTER ONE 

IRTBODUCTIOR 

In f r a red  o p t i c a l  ryrteme have found r p e c i a l  app l i ca t ions  t h a t  

u t i l i z e  t h e  unique c h a r a c t e r i r t i c r  of t h i r  region of t h e  rpectrum. 

Thur, coherent  or heterodyne laser ryrtemr have been i n  uae i n  t h e  

f i e l d  of high r e r o l u t i o n  rpectrorcopy in t h e  monitoring of 

atmorpheric and automobile a h a u r t  gareour p o l l u t a n t r ;  ruch r y r t e m ~  

are a l a 0  inr ta l led aa a i r b o r n  larer rcanning syrtemr t h a t  r e q u i r e  

v i s i b i l i t y  under adve r re  weather cond i t ion r ,  ruch as fog,  haze, 

moderate r a i n ,  amoke and d u r t ;  endorcopic larer treatment and laser 

rurgery d e l i v e r y  ryrtems, t h e r e  major a reaa  of app l i ca t ion  increar ing-  

l y  c a l l  upon h igh  l e v e l  of ryrtem mobi l i ty ,  g r e a t l y  enhanced mechani- 

c a l  f l e x i b i l i t y  and a d a p t a b i l i t y ,  a t a b i l i t y  and r e l i a b i l i t y .  Current 

rysteme normally incorpora te  I E  t r an rmia r ive  and r e f l e c t i v e  o p t i c s  

ruch a6 lamer and mirrorr ahown i n  F igu re  1-1 which are bulky, 

c o s t l y  and e a a i l y  dimturbed by environment&l factor.. Thc8c aystema 

lack f l e x i b i l i t y ,  r t a b i l i t y ,  r e l i a b i l i t y  and p o r t a b i l i t y .  I R  syrtemr 

mart t h e r e f o r e  d u p l i c a t e  t h o r e  i n  t h e  v i r i b l e  through ryrtem integra-  

t i o n  and compaction. 

requ iremart a . 
Figure  1-2 rhowr t h e  larer i n t e g r a t i o n  ryrtem 

P o r t a b i l i t y  c a l l a  f o r  donw r c a l i n g  of ryr tem r i z e  through 

m i n i t u r i t a t i o n  of t h e  aource,  d e t e c t o r  and t h e  guiding medium 

r i m l t a n e o u r l y  f o r  component dimenrional compat ib i l i ty .  The 
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Figure 1-1. TDL and Conventional Optical Componentr for 
Beam Guiding. 
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1 .  HOBILITX OR PORTABILITY 
2 .  STABILITY 
3 .  FLRCIBILITY 
4. REALIABILITX 

LASER BETERODYIE AIRBOBRE LASER 

- 

-1 

I SYSTU IRlgGRATIOI AND I COUPACTIOR 

F i g u r e  1-2. L a s e r  Integration Sys tem r e q u i r e m e n t s .  
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development of lead r a l t  diode l a s e r s  as a l t e r n a t i v e  and complement- 

a ry  sources t o  CO and CO l a s e r s  i s  an important technologica l  

advance i n  t h e  u l t ima te  i n t e g r a t i o n  and compaction of mid and f a r  

i n f r a red  communication l inks .  Advances i n  HgCdTe and metal-oxide- 

m e t a l  (HOH) t h i n  f i l m  d e t e c t o r s  lend high rpeed t o  these  systems. 

The broadening market has brought about po r t ab le  high-power CO and 

Co2 l a s e r s  (Appendix A). 

pipes  and f i b e r s  a r e  maturing a t  a f r a n t i c  pace, leading t o  r a p i d l y  

decreasing f i b e r  a t t enua t ion  wi th  a n t i c i p a t e d  f igures  i n  t h e  Rayleigh 

s c a t t e i n g  l i m i t  of 0.01 dB/Km. The in t roduc t ion  of such guiding 

media w i l l  e l imina te  convent ional  l enses  and mi r ro r s  and s i m i l a r  

accesso r i e s  , r e s u l t i n g  i n  t o t a l l y  in t eg ra t ed  and compacted in f r a red  

opt  oelec t r o n i c  rye tems . 
The idea of IR system i n t e g r a t i o n  and compaction v i a  t h e  f i b e r  

How- 

2 

The guiding media of hollow m e t a l l i c  

guiding medium w a s  conceived by u s  i n  t h e  l a te  r even t i e s  [ l ]  . 
ever ,  due t o  t h e  lack of IR f i b e r s  a t  t h a t  time, one of t h e  a l t e r n a -  

t i v e s  was extending t h e  microwave technique by ur ing  small, hollow 

me ta l l i c  waveguides t o  ga in  f l e x i b i l i t y .  Even a t  p re sen t ,  ouch 

m e t a l l i c  piping i r  competi t ive wi th  IR f i b e r s  i n  numerous rystem 

c h a r a c t e r i s t i c s .  The room temperature  MOM diode8 [ Z ]  being developed 

by u s  and HgCdTe d e t e c t o r  t h a t  a l s o  ope ra t e  a t  room temperature and 

being developed by t h e  manufacturers (Appendix B) have t h e  advantage 

of t he  e l imina t ion  of t h e  dreaded cryogenic  enviornment, t h a t  i s  

required by o the r  types of d e t e c t o r s .  Such an environment i s  a 

r i g n i f  i can t  o b s t a c l e  t o  rystem i n t e g r a t i o n  and compaction. 
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Figure 1-3 shows t h e  i n t e g r a t e d  system package. This system 

c o n s i s t s  of e i t h e r  GO 

t e c t o r  sys t r tm  or a TDL + f i b e r  and d e t e c t o r  system. 

laser + meta l l ic  piping or f i b e r  and de- 2 

The CO + m e t a l l i c  piping and d e t e c t o r  system are very im- 

laser is used f o r  burning 2 

2 

por t an t  i n  medical use,  where t h e  CO 

t i s s u e s  of human bodies and r e c e n t l y  used t o  remove b r a i n  tumors i n  

s u r g i c a l  operations.  

guide with metal and polymer hollow tube which provides v a l i d i t y  and 

s a f e t y  f o r  C02 laser beam were developed by Kubo and Bashishin [31 

is  shown i n  F igu re  1-4. laser beam through t h i s  guide is 2 

focused by using a c y l i n d r i c a l  l e n s  and convex l ens ,  perhaps Zinc 

Selenide is  d e s i r a b l e  f o r  i n f r a r e d  app l i ca t ions .  

The latest  non-toxic f l a i b l e  COP laser beam 

The CO 

The TDL + f i b e r  and d e t e c t o r  combination performs an e x c e l l e n t  

ccmnmrnication system, where t h i s  package performs t h e  complete 

requirements f o r  such a f i e l d  due t o  t h e  tremendous advances i n  IR 

f i b e r  o p t i c s  and systems technology, where s i n g l e  mode f i b e r s  are of 

i n t e r e s t .  Cur ren t ly  a v a i l a b l e  room temperature d e t e c t o r s  i n  t h e  

market a l s o  e l i m i n a t e  t h e  dreaded cryogenic environment which is a 

g r e a t  dieadvantage i n  t h e  f i t l d  of communication. 

In a d d i t i o n  t o  laser heterodyning scanning t h i s  i n t eg ra t ed  

system can b e  used as a standard ret up f o r  t e s t i n g  i n f r a r e d  f i b e r s .  

Since such laser diodes can provide source areas of 25 microns dia- 

meter or l e e s  and are i n h e r e n t l y  high speed devices  with very high 

photometric accu rac i e s ,  f i b e r  parameters such as d i s p e r s i o n  and 

a t t e n u a t i o n  can be  e a s i l y  measured using t h e s e  sources. 
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Figure 1-6. Structure of Guide Tube. 
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The successfu l  development of mid-infrared f i b e r  opt  i c e  w i l l  

provide improved or extended c a p a b i l i t i e s  beyond those  of p re sen t  day 

f i b e r  systems and w i l l  expand new app l i ca t ion  areas. 

H I R  f i b e r s  p o t e n t i a l l y  o f f e r  l ove r  i n t r i n s i c  l o s ses  than do s i l icate-  

based f ibe r s .  Therefore ,  H I R  f i b e r s  have a v a r i e t y  of a p p l i c a t i o n s  

such as medical (4-7) ( l o s s e s  are not  important) ,  where they have 

been used i n  surgery and i n  c o u t e r i z a t i o n  and photocoagulation, a l s o  

as I R  d i agnos t i c s ,  imaging and f i n a l l y  f o r  i n t e r n a l  tomography. 

In f r a red  f i b e r s  along with powerful lasers can be  used f o r  micro- 

welding and cu t t i ng .  I n  add i t ion  t o  t h e  app l i ca t ions  mentioned, IR 

f i b e r s  can a l s o  be  used i n  nonl inear  o p t i c s  f o r  o p t i c a l  computation 

and phase conjugat ion measurements. 

app l i ca t ion  i s  communication, where IR f i b e r s  are used as a connmrni- 

c a t i o n  l i n k  because of t h e  high b i t  rate and wide branwidth of t h i s  

region of t h e  spectrum where a l s o  losses are very low. 

For example, 

Probably t h e  most c r i t i c a l  

Opt ica l  f i b e r s  are r ecen t ly  developed f o r  H I R ,  where they  o f f e r  

t h e  p o t e n t i a l  of lower l o s s e s  and g r e a t e r  t o l e rance  t o  nuc lea r  radia-  

t i o n  than c u r r e n t  s i l i c a t e  based f i b e r s .  

I n  s h o r t e r  o p t i c a l  l i n k  app l i ca t ions ,  such as in f r a red  o p t i c s ,  

Although a wide they are a l ready  a t  t h e  s t age  of commercial usage. 

a r r a y  of p o t e n t i a l l y  highly t ransmiss ive  H I R  materials are  a v a i l a b l e  

i n  bulk form, most a r e  not  s u i t a b l e  f o r  f i b e r  f ab r i ca t ion .  
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There a r e  s e v e r a l  types of materials f o r  H I R  f i b e r s :  s i n g l e  

c r y s t a l ,  p o l y c r s t a l l i n e  and v i r t eous .  

u se fu l  due t o  t h e i r  p o t e n t i a l l y  broad t ransmission band (30 microns 

and beyond wi th  some a l k a l i  h a l i d e s )  and low i n t r i n s i c  loss .  

C r y s t a l l i n e  m a t e r i a l s  a r e  

Recently,  a new c l a s s  of multicomponent g l a s s e s  based on t h e  

f lou r ides  of heavy metals have come i n t o  t h e  u s e  wi th  p o t e n t i a l l y  

super ior  H I R  performance. 

V i r t u a l l y  a l l  heavy metal f l o u r i d e  g l a s s  f i b e r s  drawn t o  d a t e  

have been ZrF based type.  Although, it was v e r i f i e d  t h a t  bulk 

f louroz i rconate  g l a s s e s  d i s p l a y  a Rayleigh s c a t t e r i n g  loss depen- 

dence. F lou r ide  g l a s s  f i b e r s  d r a m  from preforms have shorn lowest 

o p t i c a l  l o s ses  compared wi th  o t h e r  type of I R  f i b e r s  a v a i l a b l e  now. 

4 

Flouroz i rconate  g l a s s e s  are s u s c e p t i b l e  t o  moisture  a t t a c k ,  and a l s o  

cor ros ion  has been repor ted  t o  occur i n  f l o u r i d e  g l a s s  f i b e r s  re- 

s u l t i n g  i n  s i g n i f i c a n t  reduct ion  i n  s t rength .  Nevertheless ,  t o t a l  

l o s ses  of < 10 dB/Km, low s c a t t e r i n g ,  and good uniformity c o n t r o l  

have been reported.  

A c l a s s  of i n f r a red  g l a s s e s  of i n t e r e s t  a r e  t h e  chalcogenide of 

s i n g l e  component g l a s s e s  such as As2S3, and GeS2, and mult i -  

component g l a s s e s  conta in ing  AS, Sb, T e  and/or S. 

of these  g l a s s e s  i e  t h e  broad in f r a red  t ransparency band t o  12 

microns and beyond. 

makes t ransmission system t e s t i n g  and alignment more d i f f i c u l t .  

The amin f e a t u r e  

Bowever, poor near  IR t o  v i s i b l e  t ransparency 

Other disadvantages include t o x i c i t y  of As conta in ing  g l a s s e s ,  

r e l a t i v e l y  poor mechanical c h a r a c t e r i s t i c s ,  and extreme d i f f i c u l t y  i n  

the  e l imina t ion  of hydrogen impur i t ies .  
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Heavy metal oxide g l a s s e s  possess extended IR t ransmission 

ranges r e l a t i v e  t o  s i l i c a t e  and should the re fo re  access  lower minimum 

losses .  Typical  g l a s s e s  could be  based on Ge02, Sb203, Te02, 

o r  La203; calcium aluminate g l a s s e s  are another  poss ib l i t y .  

while  t h e  heav ie s t  g l a s s e s  should possess t h e  lowest minimum l o s s e s  

(approximately 0.01 dB/Km f o r  Te02 , assuming t h e  same s c a t t e r i n g  

l o s s  as fused s i l i c a ) ,  they are the moat d i f f i c u l t  t o  s t a b l i l z e  and 

possess  t h e  h ighes t  r e f r a c t i v e  ind ices  and poorest  mechanical pro- 

p e r t i e s .  For  t h i s  reason,  f i b e r  s t u d i e s  have been l imi ted  p r imar i ly  

t o  Ge02 based systems. 

S i l v e r  h a l i d e  f i b e r s  have been f ab r i ca t ed  by ex t rus ion .  Pure 

AgC1, AgBr and a l l o y s  of AgCl and AgBro c r y s t a l s  were extruded 

through diamond d ie s .  These f i b e r s  are e i t h e r  unclad o r  used i n  a 

loose  s l eeve  f o r  c ladding.  A l l  measurements a t  present  have t o  b e  

c a r r i e d  out  under red l i g h t  t o  prevent darkening of t h e  f i b e r s  s i n c e  

such f i b e r s  are s e n s i t i v e  t o  UV. Losses i n  t h e  f i b e r s  are found t o  

be  about 0.7 dB/m a t  10.6 micron ( 8 ) .  

f l e x i b l e .  

These f i b e r s  a r e  q u i t e  

The p resen t  s t a t u s  of HIR f i b e r s  po in t s  t o  t h e  use  of KRS-5 

p o l y c r y s t a l l i n e  extruded f i b e r s  w i th  a l o s s  around 0.1 dB/m a t  10.6 

micron ( 9 )  and capac i ty  of withstanding high power C 0 2  laser rad ia-  

t ion .  But t h e s e  f i b e r s  are too  tox ic  and b r i t t l e .  The polycrys ta l -  

l i n e  AgCl o r  AgBr and s i n g l e  c r y s t a l  CSI f i b e r s  appear very promising 

f o r  opera t ion  up t o  10.6 microns. 
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There are many c r y s t a l l i n g  materials aw w e l l  as g l a s s e s  t h a t  

pos scs s t h e  nec cs s a ry  i n  t r i n s  ic c harac t er is  t ic a €or  ac h i ev  ing bot  h 

u l t r a l o v  lo s ses  (0.01 dB/Km and lower) and low pu l se  dispereione.  

The p r i n c i p a l  advantages and disadvantages of var ious  f i b e r  

mater ia l s /dcs igns  are summarized i n  Table  1-1. 
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tvDes Ad-s Di-es 
Classes P o t e n t  i c j  l o s s e s  less Sane composi t ions a r e  sun 

and /o r  chemical c o r r o s i o n  
than  10 dB/km c e p t i b l e  t o  d e v i t r i f i c a t i o n  

Core-c l ad  and graded- 
index p o s s i b l e  

Copos i t  iona 1 f la i h  i 1 i t y  

Can b e  d r a m  i n t o  long 
l e n g t h s  from preforms o r  
d i r e c t l y  from m e l t  

Can b e  fusion-spl iced 

P o l y c h r y s t a l l i n e  P o t e n t i a l  f o r  l o v e r  l o s s e s  
mater i a l s  t han  g l a s r e s  

Very broad t ransparency range 

Large s c a t t e r i n g  from bulk and 
s u r f a c e  d e f e c t s  

D i f f i c u l t  t o  c l a d  o r  g rade  
index 

I n f e r i o r  mechanical p r o p e r t i e s  

D i f f i c u l t  t o  c o n t r o l  un i fo rmi ty  
ove r  long l eng ths  

S i n g l e  c r y s t a l  Lov l o s s  and broad t ranspa-  D i f f i c u l t  t o  c l a d  6 grade  index 
rency a s  wi th  p o l y c r y s t a l l i n e  
m a t e r i a l s  Methods f o r  f r a b r i c a t i n g  long 

Can b e  very s t rong  
con t inuous  l eng ths  a r e  u n c e r t a i n  

S c a t t e r i n g  can b e  ve ry  l o v  

Liquid-f i l l e d  P o t e n t i a l l y  low s c a t t e r i n g  D i f f i c u l t  t o  t e rmina te  6 s p l i c e  
hollow f i b e r s  l o s s  

P o t e n t i a l l y  high l a s e r  Materials s u i t a b l e  f o r  un t r a lov  
damage t h r e s  hold loss are unknown 

E o l l o w  f i b e r s  tend t o  b e  weak 

E o l l o v  f i b e r s  High pover t r ansmiss ion  may S u s c e p t i b l e  t o  bending l o s s e s  
b e  p o s s i b l e  

A t t a i n i n g  u l t r a h i g h  r e f l e c t i v i t y  
inne r  s u r f a c e s  i s  d i f f i c u l t  

Methods f o r  f a b r i c a t i n g  long con 
t i nuous  l e n g t h s  are unknown 

Uncertain p u l s e  d i s p e r s i o n  
c h a r a c t e r i s t i c  s 

Table  1-1. Advantages and Disadvantages of Various Types of IR Fibe r s .  
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CBAPTER TWO 

PROPERTIES OF HID AND FAR INFRARED FIBERS 

2.1 

There is no doubt t h e  c u r r e n t  surge  of a c t i v i t i e s  i n  t h e  re- 

search on IR f i b e r s  i s  t h e  r e s u l t  of prospect ive a p p l i c a t i o n s  of 

t hese  f i b e r s  i n  wide areas of medical p r a c t i c e ,  such as endoscopes 

and l a s e r  d e l i v e r y  system i n  surgery.  These i n i t i a l  requirements on 

f i b e r s  f o r  s u f f i c i e n t  f l e x i b i l i t y ,  power car ry ing  c a p a b i l i t y ,  reason- 

ab ly  low l o s s  and absence of t o x i c i t y ,  chemical i n e r t n e s s  a r e  f o r  t h e  

purpose of rep lac ing  a r t i c u l a t e d  arms and t h e  use  of n a t u r a l  body 

o r i f i c e s  f o r  non in t rus ive  d i a g n o s t i c  and surgery.  

s a t i s f i e d  wi th  f i b e r s  of am diameter  and lo s ses  of f r a c t i o n s  of dB 

per meter. Current  f i b e r s  do s a t i s f y  these  condi t ions .  However, for 

f u t u r e  p inpoin t  surgery  wi th  h ighly  loca l i zed  burns , t h e  development 

of much smaller diameter  and even single-mode f i b e r s  is e s s e n t i a l .  

Such requirements w i l l  then match those  i n  high speed I R  

communication systems. 

These can be  

Figure 2-1 desc r ibes  t h e  est imated minimum t ransmiss ion  l o s s  of 

var ious k inds  of i n f r a red  f i b e r s .  In t h e  following s e c t i o n s  w e  w i l l  

de sc r ibe  some p r o p e r t i e s  of t h e  a v a i l a b l e  in f r a red  o p t i c a l  f i b e r s .  
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WAVELENGTH (u rn )  

Figure 2-1. The Es t imated  Tranemiesion Loss of Various 
Fibers in  Infrared. 
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2.2 j 

S i l v e r  h a l i d e  f i b e r s  such as AgCl and AgBr a r e  prefer red  among 

chalcogenide g l a s s  and c r y s t a l l i n e  f i b e r s  due t o  t h e i r  non tox ic i ty ,  

f l e x i b i l i t y ,  and n o n s o l u b i l i t y  in water. Because of t hese  advan- 

tages ,  s i l v e r  h a l i d e s  have a unique a p p l i c a t i o n  i n  radiometr ic  

measurements, thermal imaging, and d e l i v e r y  of high power COP l a s e r  

r a d i a t i o n  i n  s u r g i c a l  and spec t roscopic  systems. 

F igure  2-2 ( a ) ,  a long i tud ina l  c r o s s  s e c t i o n  of t h e  f i b e r ,  shows 

An e l e c t r o n  micrograph of t h e  s t r u c t u r e  along t h e  a x i s  of t h e  f i b e r .  

t he  t r a n s v e r s e  cross s e c t i o n  (F igu re  2-2 ( b ) ) ,  shows t h a t  t he  f i b e r  

c o n s i s t s  of a f i n e  g r a i n  s t r u c t u r e  of about 1 mm i n  s i ze .  

of t h e  f i b e r s  following ex t rus ion  l eads  t o  g r a i n  growth. 

( c )  shows t h e  t r ansve r se  c r o s s  s e c t i o n a l  appearance a f t e r  an anneal 

a t  200 C. 

a f i b e r  of p u r e  AgBr with t h a t  of p u r e  AgC1. 

size i s  roughly an order of magnitude. 

Some recen t  measurements have been performed by Sa'ar, Hoaer, 

Annealing 

F igure  2-2 

However, F igures  2-3 ( a )  and (b )  compare t h e  g r a i n  s i z e  of 

The d i f f e r e n c e  i n  g r a i n  

Akselrod, and K a t z i r  I81 on r i l v e r  h a l i d e  f i b e r s  extruded from 

high-puri ty  mixed s i l v e r  h a l i d e  c r y s t a l s  of composition AgCl 

BrO. 65 

f l e x i b l e ,  and only weakly s e n s i t i v e  t o  near  u l t r a v i o l e t  r ad ia t ion .  

The f i b e r s  have a diameter of 0.9 mm and are up t o  2 rn i n  length. 

These f i b e r s  are capable  of t r a n s m i t t i n g  high power CO 

Figures  2-4  and 2-5 compare t h e  x-ray t ransmiss ion  d i f f r a c t i o n  of an 

extruded AgBr f i b e r  w i t h  t h a t  of an AgCl f i b e r .  

0.95 

show a minimum l o s s  of 0.7 dB/m. The f i b e r s  are unclad, 

laser. 2 



Figure 2-2. Hicrographs of Fiber Cross Sect ion.  
( a )  Longitudinal Cross-section After Extrusion. 
(b) The Pine Grain Structure of the  Fiber 
( c )  After Annealing a t  2OO0C. 
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Figure 2-3. Grain Structure of S i l v e r  Halides.  
(a) AgBr Grain Structure 
(b) AgCl Grain Structure 



Figure 2-4. Transmission X-Ray Dif fract ion of an Extruded 
AgBr F i b e r .  
( a )  Extruded Fiber. 
(b)  Same Fiber After Annealing. 

. .  . -' 
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(b) 

Figure 2-5. Transmission X-Ray Dif frac t ion  of an Extruded 
AgCl  Fiber. 
( a )  Extruded Fiber. 
(b) Same Fiber After Annealing. 
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For small loss and n e g l i g i b l e  in t e r f e rence  e f f e c t s ,  t h e  t o t a l  

l o s s  i n  u n i t s  of dB/m can be  expressed by: 

where L is t h e  l eng th  of t h e  f i b e r  in  meters, PIN and P(L)  are t h e  

input  and output  power, r e spec t ive ly ,  and r is t h e  r e f l e c t i o n  

c o e f f i c i e n t  c a l c u l a t e d  from t h e  known index of r e f r a c t i o n  of t h e  

s i l v e r  hal ides .  

The t o t a l  a t t enua t ion  c o e f f i c i e n t  was determined as a func t ion  

of wavelength using Eq. (2.1). It is  convenient t o  wri te  t h e  t o t a l  

a t t enua t ion  c o e f f i c i e n t  as follows: 

where aIHp ( A )  is  t h e  absorp t ion  c o e f f i c i e n t  r e l a t e d  t o  impur i t ies  

in t h e  f ibe r .  The background term o ~ s ~ ( X )  vas related by 

Harrington and Sparks t o  l a r g e  scale o p t i c a l l y  t h i n  s c a t t e r e r s  t h a t  

lead t o  a s p e c t r a l  dependence of t h e  form 

Figure  2-6 shows t h e  measured t o t a l  a t t enua t ion  c o e f f i c i e n t .  

+ 0 . 5 )  dB/m -2 The background can be  f i t  t o  t h e  expression (16.2X 

c o n s i r t e n t  w i th  t h e  sca t te r  model of Barr ington and Sparks. The 



20 

v) 
0 

1 1 1 1 1 1 1 1 I 1 I I 
2 3 4  3 6 7 8 9 1 0 1 1  e 1 3  

Figure 2-6. Total Lose a s  a Function of Wavelength ( s o l i d  l i n e ) .  
The Dash d Line i e  a Plot  of the Scattering Term 
116.2 A + 0 . S I  dB/rn. 

-5 
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impur i ty  absorp t ion  shows a s t rong  l i n e  centered  a t  3-3.2 

l i n e s  a t  6.1, 6.8 and 7.1 urn, and a broad absorpt ion f e a t u r e  a t  

12-13 p m .  The bands a t  3-3.2 and 6.1 p m  are assigned t o  water. The 

water a l s o  g ives  r ise  t o  t h e  abso rp t ion  i n  t h e  12-13 u m  region. The 

bands a t  6.8 and 7.1 v m  are ass igned  t o  CO 

showed t h a t  forming f i b e r s  i n  a C02 atmosphere s t rong ly  enhanced 

these  bands. 

,,ID, weaker 

molecules. Himura 3 

It is  c l e a r l y  shovn i n  F igu re  2-6 t h a t  t h e  t o t a l  l o s s  of t h e  

s i l v e r  h a l i d e  f i b e r s  around 1 = 10 m is reasonably small compared 

t o  o the r  i n f r a r e d  f i b e r s  a v a i l a b l e  and s i n c e  t h e  C02 laser wave- 

length is  10.6 v m ,  then i t  is  very  convenient t o  i n t e g r a t e  t h e  CO 

l a s e r  wi th  s i l v e r  h a l i d e  f i b e r s  i n  a compacted system. 

2 

KRS-5 ( t h a l l i u m  b r m o i o d i d e )  is one of t h e  m a t e r i a l s  used i n  

C02 l a s e r  power t r a n s m i t t i n g  f i b e r s ,  and is  formed by ex t rus ion .  

Transmission of up t o  100 W of COP laser power, and t ransmission 

wi th  a l o s s  of 0.12 dB/m a t  10.6 vm [9,101, were r epor t ed ,  while  t h e  

t h e o r e t i c a l  l i m i t  f o r  t h e  material i s  0.001 dB/Km a t  t h i r  wavelength. 

KRS-5 is  mostly used f o r  rad iometr ic  sensing and communication 

systems. These f i b e r s  have a very broad t ransmiss ion  wavelength 

window. The t y p i c a l  l o s s  spectrum of f i b e r  f a b r i c a t e d  by Kachi, 

Rakamra, Kimura, and Siroyama is ahown i n  F igu re  2-7. The lowest 

l o s s  wavelength is around 20 Vm, and t h e  t ransmission window f o r  t h i s  
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f i b e r  i s  i n  t h e  5 t o  25 um wavelength region. For lower temperatures,  t h e  

i n t e n s i t i e s  of longer wavelength components increase.  The peak of t h e  

r a d i a t i o n  spectrum a t  300% l ies  near  10 urn. 

Ext r ins i c  loss mechanisms are bel ieved t o  b e  s c a t t e r i n g  due t o  

c r y s t a l l i n e  imperfection and roughness of t h e  c o r e  s u r f a c e ,  because t h e  

c r y s t a l  su f f e red  ex tens ive  deformation during t h e  f i b e r  e x t r u s i o n ,  and 

smoothness of t h e  f i b e r  s u r f a c e  w i l l  b e  influenced by t h e  s u r f a c e s  of 

dies .  However, t h e  s c a t t e r i n g  l o s s  can b e  reduced i n  t h e  3-6 um 

wavelength region by annealing. Table 2-1 shows some of t h e  r e s u l t s  on 

two samples of KRS-5 f i b e r s  b e f o r e  and a f t e r  annealing process ,  a l s o  

Figure 2-8 shows t h e  dependence of t h e  l o s s  on an anneal ing t h e .  

The lowest l o s s  reported on t h i s  f i b e r  i s  0.12 dB/m f o r  a f i b e r  1 um 

i n  diameter and 1 m i n  length.  Bowever, t h e  t h e o r e t i c a l l y  p red ic t ed  l o s s  

f o r  t h i s  f i b e r  is 0.001 dB/Km. 

The tha l l i um h a l i d e s  have low s o l u b i l i t y  and melting p o i n t s  b u t  have 

high ind ices  of r e f r a c t i o n  which can p resen t  problems i n  f ind ing  a s u i t -  

able cladding. The f i b e r  g r a i n  s i z e  v a r i e s  between 3 and 5 0 u m  f o r  t h e  

tha l l i um ha l ides .  

t h e  ex t rus ion  temperature which, f o r  t h e s e  d u c t i l e  materials varies from 

200 t o  35OoC. 

The a c t u a l  g r a i n  s i z e  f o r  a p a r t i c u l a r  f i b e r  depends on 

Recent r e sea rch  i n t o  IR t r ansmi t t i ng  materials and f i b e r s  may w e l l  

f i n d  a p p l i c a t i o n s  i n  IR systems such as low temperature pyrometry, CO 
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Figure 2-1 .  Reduction of the  transmission Loss at 1 0 . 6 ~ m  
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power t ransmission,  IB spectroscopy and IR imaging. Eowever, probably t h e  

most s i g n i f i c a n t  u se  might come from long d i s t ance  comwrnication systems 

where t h e  s h i f t  of t h e  opera t ing  wavelength t o  t h e  2-4 , ,m region would 

g i v e  lower Rayleigh s c a t t e r i n g  and hence lower o v e r a l l  losses .  

There a r e  seve ra l  f l u o r i d e  materials used i n  f ab r i ca t ing  IR o p t i c a l  

f i b e r s  [11,12 1, b u t  ZrF4 (ZBLIW) i s  t h e  most s i g n i f i c a n t  t o  us s i n c e  

t h i s  f i b e r  has t h e  lowest i n t r i n s i c  loss v i t h  a va lue  of 0.011 dB/Km and 

a t  present  is probably t h e  b e s t  candida te  f o r  low l o s s  f i b e r .  

The o v e r a l l  minimum l o s s  i n  ZrF based IR f i b e r s  can b e  est imated 4 
by combing t h e  expected impuri ty  concent ra t ions  with t h e  absorp t ion  

c o e f f i c i e n t s .  Table  2-2 sunmari tes  each of t hese  and l i s t s  t h e  expected 

l o s s  a t  2.55 u m .  Figure  2-9 a l s o  i l l u s t r a t e s  t h e s e  absorp t ions  and shows 

t h a t  when combined with t h e  i n t r i n s i c  l o s ses  t h e  minimum loss wavelength 

should be  a t  2.56 um.  

0.02 dB/Km may b e  f e a s i b l e  and t h a t  o v e r a l l  l o s ses  of 0.03 dB/Km could be  

a p e c t e d  a t  2.56 um. This  f i g u r e  compares wi th  a t y p i c a l  l o s s  of 0.02 

dB/Km at 1.SS pm in s i l i c a  f i b e r  so t h a t  f a c t o r s  of 6-7 improvement may be  

poss ib l e  v i t h  IR f ibe r s .  

The r e s u l t s  suggest t h a t  absorpt ion lo s ses  of about 

2.5 Chalcanenide IR Glass 0-: 

Chalcogenide f i b e r s  had been proposed as ultra-low-loss o p t i c a l  

f i b e r s  [12 through 161. 

f a t a l  disadvantage in t ransmiss ion  p rope r t i e s .  

a h i b i t  a veak absorp t ion  t a i l  vh ich  is  a t t r i b u t e d  t o  a c e r t a i n  d e f e c t  

Bowever, it has been c l a r i f i e d  t h a t  they have a 

This  i s  because tbey 
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F i g u r e  2-9. P r e d i c t e d  Minimum L o s s e s  i n  ZrF4 F i b e r s .  
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associated wi th  e lec t rons .  Eowever, t hese  f i b e r e  have broader  vindow 

up t o  more than 10 pm. 

Chalcogenide g l a r s e s  t h a t  t r an rmi t  i n  t h e  8-12 IJ P waveband 

genera l ly  c o n s i s t  of two or more of t h e  elements G e ,  AS, Se or those  

below them i n  t h e  per iodic  t a b l e .  The u r e  of such g l a s s e s  o f f e r  t h e  

advantages of speed and c o n t r o l  normally 8 r soc ia t ed  v i t h  oxide 

f iber-drawing techniques,  and y i e l d s  f i b e r s  t h a t  a r e  bo th  f l e x i b l e  

and chemically durable .  

2.5.1 &i-s -Fiber: 

Arsenic aulphide g l a s s  f i b e r s  vbose r to i ch iomet r i c  comporit ion 

is  As2S3 have a t ranrmisr ion  vindov of 2-6 p m. 

dravn from perform wi th  Teflon-FEP jacke t ing  o r  from t h e  m e l t  us ing a 

double c ruc ib l e .  D i s t i l l a t i o n  of rav material i s  gene ra l ly  made t o  

remove hydrogen and oxide impur i t ies .  

melting t h e  mixture  of p u r i f i e d  A8 and S i n  a s i l i c a  ampoule followed 

by rapid cool ing.  

As-s f i b e r s  a r e  

A g l a s s  ingot  is  formed by 

The minimum l o s s  of As-S f i b e r s  intended f o r  o p t i c a l  cooPrmnica- 

t i o n  has been r e a l i z e d  t o  be  35 dB/Km a t  2.4 U r n  as shown i n  F igu re  

2-10. 

and 4.03 p m  of SH [171. The m i n i m u m  l o s s  i s  e t rong ly  a f f e c t e d  by 

weak absorp t ion  t a i l  vhich depends on t h e  s y n t h e r i s  process.  This  

absorpt ion i r  decreased by introducing hydrogen i n t o  t h e  g l a s s .  

However , As-S f i b e r s  a r e  not  a p p l i c a b l e  t o  telecommunications because 

of a r e l a t i v e l y  high l o s s  due t o  undes i r ab le  weak absorp t ion  ta i l .  

Several  absorp t ions  due t o  i m p u r i t i e s  appear  a t  2.91 D m  of OH 



One of t h e  c u r r e n t  t o p i c s  of i n t e r e s t  concerning As-S f i b e r s  is  

power d e l i v e r y  f o r  a CO laser whose o s c i l l a t i o n  wavelengths are 

around 5.3 urn. 

f o r  surgery and machining. 

f o r  t hese  uses. 

of 14 KW/cm has  been achieved [161. 

t h e  output  end due t o  t h e  extremely high power. 

Such s h o r t  d i s t a n c e  power de l ive ry  is  being developed 

A l o s s  less than 100 dB/Km i s  adequate 

Without forced cool ing ,  t ransmission power dens i ty  

However, s l i g h t  damage occurs a t  
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Figure  2-10. Transmission Loss f o r  an As-S Glass Unclad F i b e r  
( s o l i d  l i n e )  and an As-S Core-clad F ibe r  wi th  a An 
of 2.3% (dashed l i n e ) .  
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For remote sensing a p p l i c a t i o n  areas. an As-S bundle f i b e r  has 

been success fu l ly  developed f o r  a l eng th  over 10 m I181. 

f i b e r s  conta in ing  200-300 cores  shown i n  F igure  2-11 are fab r i ca t ed  

by s h l t a n e o u r l y  drawing t h e  preform bundle  composed of small dia-  

meter rods, Each rod is drawn from t h e  same ingot  preform jacketed 

with a PEP tube. Imager t r ansmi t t i ng  bundle  f i b e r s  are expected t o  

have many a p p l i c a t i o n s ,  such as i n  t h e  nuc lear  indus t ry ,  i n  tempera- 

t u r e  measurements t o  room temperature.  and i n  Ill spectroscopy. 

The bundle 

29 

Figure  2-11. Photo of Cross Sect ion  of an As-S Image Guide 
Fiber .  This  bundle  f i b e r  i s  200 i n  diameter 
including 200 cores of 90 urn diameter,  
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2.5.2 Zinc Srl- IR ODtical F i b P u :  

ZnSe is a widely used in f r a red  p o l y c r y s t a l l i n e  ma te r i a l  which is 

t ransparent  over  a wide range of wavelengths from 0.6-1411 m. It is 

c u r r e n t l y  used as windows f o r  CO lasers, as lenses i n  many m i l i -  2 

t a r y  IR o p t i c a l  8yStem3, and f o r  color cor rec tors .  CVD incorporated 

manufacturers ZnSe by chemical  vapor depos i t ion  (CVD) process  t o  form 

s o l i d ,  t h e o r e t i c a l l y  dense,  high p u r i t y ,  p o l y c r y s t a l l i n e  ZnSe. The 

bulk absorp t ion  c o e f f i c i e n t  of CVD-ZnSe as measured by laser ca lo r -  

imetry a t  a number of d i f f e r e n t  wavelengths i s  shown i n  Table 2-3. 

As can  b e  seen,  CVD-ZnSe bas  low bulk absorpt ion over a wide wave- 

length  range making it an exce l l en t  candida te  f o r  an I R  waveguide. 

The absorp t ion  c o e f f i c i e n t ,  a a t  10.6 urn changes from 5 x 10 t o  

1 x 

225*C, the re fo re ,  d a /dT is 4 x 10 c m  K i n  t h i s  

temperature range. 

-4 

cm r e s p e c t i v e l y  as t h e  temperature changes from 25 t o  -1 

-6 -1 -1 

Because of t h e  small va lue  of da /dT  and t h e  low 

Table  2-3. Bulk Absorption Coeff ic ien t  of ZnSe. 

Wavelengtb 
( um) 

Bulk q s o r p t i o n  Coef f i c i en t  
(cm’ ) (dB/m) 

1.319 
2 077 
3 .8 
5 -25 

10 .6 

0.0054* 

0.0004 
0.0004 
0.0005 

0 o0007 
2.3* 
0 -30 
0.17 
0 -17 
0 022 

~~~ ~~~ ~~ ~ 

*Inc ludes s u r f  ace absorp t io0 
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bulk absorpt ion c o e f f i c i e n t ,  t h e  expected temperature r ise of a ZnSe 

f i b e r s  operated a t  10.6 ,, m does not  in f  h e n c e  t h e  power t ransmiss ion ,  

even a t  100 watts throughput. 

In add i t ion  t o  i t s  e x c e l l e n t  o p t i c a l  p r o p e r t i e s ,  ZnSe has good 

For t y p i c a l  mechanical p r o p e r t i e s  f o r  t h e  cons t ruc t ion  of a f i b e r .  

CVD po lyc rys t a l l i ng  ZnSe, t h e  c a l c u l a t e d  minimum bend r ad ius ,  rm, 

f o r  a 1 p m  diameter  uncladded f i b e r  is 60 c m  1191. 

by e i t h e r  decreas ing  t h e  g r a i n  s i z e  o r  by s u i t a b l e  c ladding.  

general ,  f o r  p o l y c h r y s t a l l i n e  materials, the  smaller t h e  g r a i n  s i z e ,  

t h e  l a r g e r  t h e  f i b e r  s t r e n g t h  120). The f l e x u r a l  s t r e n g t h  inc reases  

l i n e a r l y  as t h e  r e c i p r o c a l  of t h e  square root  of t h e  g r a i n  s i z e .  

Since t h e  bend r a d i u s  decreases  as t h e  f l e x u r a l  s t r e n g t h  inc reases ,  a 

smaller bend r a d i u s  i s  r e a l i z e d  by decreasing t h e  g r a i n  s i z e  from t h e  

present  va lue  of 70 p m  f o r  t y p i c a l  CVD-ZnSe. 

c ladding on t h e  f i b e r  would a l s o  decrease  t h e  bend rad ius .  

This  i s  improved 

In 

The use  of a f l e x i b l e  

ZnSe is  very  i n e r t  and can  withstand many c o r r o s i v e  environments 

such as moderately s t rong  a c i d s  and bases.  In a d d i t i o n ,  it is non- 

hydroscopic, non-flammable, and in so lub le  i n  a l coho l s ,  s a l i n e  solu- 

t i o n s  and may o t h e r  organic  so lvents .  These c h a r a c t e r i s t i c 8  and t h e  

exce l l en t  o p t i c a l  and mechanical p r o p e r t i e s  make ZnSe a good cho ice  

f o r  an I R  o p t i c a l  f i b e r  t o  b e  u t i l i z e d  i n  a mechanical environment. 

A complete experimental  i n v e s t i g a t i o n s  on h a l i d e  (AgC1) , KRS-5 ,  

and chalcogenide I R  o p t i c a l  f i b e r s  a v a i l a b l e  i n  our h b o r a t o r y  is 

shown in Chapter Pour. 
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CEAF'TER TEREE 

MODE ANALYSIS OF OPTICAL FIBERS 

The s implest  way t o  understand t h e  behavior of t h e  o p t i c a l  power 

propagation i n  an o p t i c a l  f i b e r  is t o  a a m i n e  t h e  appearance of modal 

f i e l d s  i n  t h e  planar  d i e l e c t r i c  s l a b  waveguide. Th i s  waveguide i s  

composed of a d i e l e c t r i c  s l a b  of r e f r a c t i v e  index nl sandwiched 

between d i e l e c t r i c  material  of r e f r a c t i v e  index n2 < n l .  which w e  

c a l l  t h e  cladding. 

looks t h e  same as t h e  c ros s - sec t iona l  view of an o p t i c a l  f i b e r  c u t  

along i ts  ax i s .  The o rde r  of a mode is  equal t o  t h e  number of f i e l d  

m a x i m a  ac ross  t h e  guide. The o rde r  of t h e  mode i s  also r e l a t e d  t o  

t h e  ang le  t h a t  t h e  ray congruence corresponding t o  t h i s  mode makes 

wi th  t h e  p l ane  of t h e  waveguide o r  t h e  axis of a f i b e r ;  t h a t  is ,  t h e  

steeper t h e  angle ,  t h e  higher  t h e  o rde r  of t h e  mode. The electric 

f i e l d s  of t h e  guided modes are no t  completely confined t o  t h e  c e n t r a l  

d i e l e c t r i c  s l a b  ( t h a t  is ,  they do not  go t o  ze ro  a t  t h e  guide - 
cladding i n t e r f a c e )  . b u t  i n s t ead .  they extend p a r t i a l l y  i n t o  t h e  

cladding. The f i e l d s  vary harmonically i n  t h e  guiding region of t h e  

r e f r a c t i v e  index nl and decay exponen t i a l ly  o u t s i d e  of t h i s  region. 

For low o rde r  modes t h e  f i e l d s  are t i g h t l y  concentrated n e a r  t h e  

c e n t e r  of the' s l a b  o r  t h e  axis of an o p t i c a l  f i b e r  with l i t t l e  

A c r o s s  s e c t i o n a l  view of t h e  s l a b  waveguide 
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penetrat ion i n t o  t h e  cladding region. 

order  modes t h e  f i e l d s  are d i s t r i b u t e d  more toward t h e  edges of t h e  

guide and penetrate f u r t h e r  i n t o  t h e  cladding region. 

On t h e  o the r  hand, f o r  higher  

Solving Haxvell’a equat ions  shovs t h a t  i n  addi t ion  t o  support ing 

a f i n i t e  number of guided modes, t h e  o p t i c a l  f i b e r  waveguide has 

i n f i n i t e  continuum of r a d i a t i o n  modes t h 8 t  are no t  trapped i n  t h e  

co re  and guided by t h e  f i b e r  bu t  are s t i l l  so lu t ions  of t h e  same 

boundary-value problem. The r a d i a t i o n  f i e l d  b a s i c a l l y  r e s u l t s  from 

t h e  o p t i c a l  power t h a t  i s  o u t s i d e  t h e  f i b e r  acceptance angle  being 

r e f r ac t ed  out  of t h e  core.  Because of t h e  f i n i t e  rad ius  of t h e  

cladding,  some of t h i s  r a d i a t i o n  g e t s  trapped i n  t h e  cladding,  there-  

by causing cladding modes t o  appear (bu t  it i s  no t  t r u e  i n  t h e  case 

of in f ra red  o p t i c a l  f i b e r  due t o  t h e  lack of f ab r i ca t ing  an uncladded 

o p t i c a l  f i be r ) .  

f i b e r  i n  t h e  v i s i b l e  range, mode coupl ing occurs  between t h e  cladding 

modes and t h e  higher  order  modes. 

electric f i e l d s  of t h e  guided c o r e  m o d e s  are no t  completely confined 

t o  t h e  c o r e  bu t  extend p a r t i a l l y  i n t o  t h e  c ladding  and l ikewise  f o r  

t h e  cladding modes. 

c o r e  and cladding modes thus  occurs ,  which gene ra l ly  r e s u l t s  i n  a 

l o s s  of power from t h e  c o r e  modes. 

vi11 be  suppressed by a g los sy  coa t ing  which covers  t h e  f i b e r  o r  they 

vi11 r c a t t e r  ou t  of t h e  f i b e r  a f t e r  t r ave l ing  a c e r t a i n  d i s t a n c e  

bec8use of roughness on t h e  c ladding  surface.  

As t h e  c o r e  and cladding modes propogate along t h e  

This  coupling occurs  because t h e  

A d i f f u s i o n  of power back and f o r t h  between t h e  

In p r a c t i c e ,  t h e  cladding modes 



34 

I n  add i t ion  t o  bound and r e f r a c t e d  modes, a t h i r d  category of 

modes c a l l e d  leaky modes is  p resen t  i n  o p t i c a l  f i b e r s .  These leaky 

modes are only p a r t i a l l y  confined t o  t h e  c o r e  reg ion ,  and a t t e n u a t e  

by cont inuously r a d i a t i n g  t h e i r  power out  of t h e  c o r e  a s  they propa- 

g a t e  along t h e  f i b e r .  This  power r a d i a t i o n  out  of t h e  waveguide 

r e s u l t s  from a quantum mechanical phenomenon knovn as t he  tunnel  

t f f e c t .  

Hybrid modes e x i s t  i n  t h e  f i b e r  i f  bo th  e l e c t r i c  and magnetic 

f i e l d s  along t h e  f i b e r  axis are non-zero. 

or EH modes, depending on whether t h e  magnetic or e l e c t r i c  f i e l d  

r e s p e c t i v e l y  makes a l a r g e  c o n t r i b u t i o n  of t h e  t r ansve r se  f i e l d .  

These a r e  designated as HE 

3.2 nodal: 

The eigenvalue equat ion f o r  6 can be achieved by f i r s t  consid- 

e r ing  Haxvell's equat ions i n  order  t o  d e r i v e  t h e  E and E f i e l d  com- 

ponents i n  t h e  f i b e r .  Since t h e  l i g h t  propagat ion is along t h e  Z 

a x i s  of t h e  f i b e r ,  then E and H f i e l d s  have t o  be i n  t h e  2 d i r e c t i o n  

and are expressed in terms of Bessel func t ions  as (21)  

E 
E 

j (o t  - BZ) is the  time where A and B are a r b i t r a r y  cons t an t s ,  and e 

j v0 
and E-dependent f a c t o r s  according t o  our  assumption and e is  a 
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periodic  f a c t o r  i n  (0 wi th  a period of 2,, . Outside of t h e  c o r e  bo th  

E and E f i e l d s  along t h e  f i b e r  axis are  expressed in terms of modi- 

f i ed  Besssel func t ions  of t h e  second kind. 

j < w t  - 62) e 

z 
E 

(3.3) 

(3.4) 

with C and D being a r b i t r a r y  constants .  

The s o l u t i o n s  f o r  B must b e  determined from t h e  boundary 

condi t ions.  

components Eo and E2 of E i n s i d e  and o u t s i d e  of t h e  d i e l e c t r i c  

i n t e r f a c e  a t  r = a must b e  t h e  same and, s i m i l a r l y ,  f o r  t h e  

t a n g e n t i a l  components EQ and E=. Therefore,  from Eqs. (3.1) and 

(3.3) w e  have 

The boundary cond i t ions  r e q u i r e  t h a t  t h e  t a n g e n t i a l  

E - E = A J (Ua) - c K v ( W a )  - 0  
v z1 22 

t h e  Q component is given as 

i n s i d e  t h e  c o r e  

2a  xi 

?I 

where K1 1 = u f q  while  o u t s i d e  t h e  c o r e  1 

W = (  R - K 2 ) a  2 2 2 2  
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25rn 

A 
with K2 

(3 .6)  to f ind E@ . 
find E @ 

2 =uG subs t i tu t ing  Eqs (3 .1 )  and (3 .2)  into  Eq. 

Similarly Eqs. (3 .3)  and (3 .4)  into  Eq. (3.6) to  
1 

y e i l d  a t  r = a. 
2 

(3.91 

where the  prime indicates  d i f f e r e n t i a t i o n  with respect t o  the 

agrument. 

using the fol lowing equation. 

S imi lar ly ,  for  the  the tangential  components of E and by 

along with Eqs. (3 .1)  , (3.21, (3.31, and (3.4)  it i s  read i ly  shorn 

that  a t  r = a 

E - E = BJ,(Wa) - D 5, (Wa) 0 
z2 

(3.11) 
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Eqe. (3.5)* (3.91, (3.11) and (3.12) a r e  a set of four  equat ions  with 

four  unknown c o e f f i c i e n t s  A,B,C and D. A so lu t ion  t o  t h e s e  equat ions  

exists only i f  t h e  determineat  of t h e s e  c o e f f i c i e n t s  i s  zero: 

0 J v( Ua) 0 -K v( wa) 
= o  

(3.13) 

Evaluation of t h i s  determinant  y e i l d s  t h e  following eigenvalue 

equation f o r  B : 

where 

rearranging Eq. (3.14) , then 

where K 2 
x 

To d e r i v t  t h e  c h a r a c t e r i s t i c  equat ions  f o r  HE and EE MODES w e  d e f i n e  

t h e  following parameters [221 
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N = -  B 8 B (:f , then 
K 

treat  Eq. (3.15) as a quadratic equation. In FV(U) then 

(3.16) 

solving for  n V ( U )  , the0 

By rearranging the proceeding equation, we  g e t  

Also PV(U) is  defined from the  modal 

L e t  ur de f ine  some of the  parameters 

equation as: 

(3.18) 

used befor i n  order t o  f ind the 

rest of the unknown parameters ruch as B and B 

t? = a2 (K2ni - B2) OR B2 = K2n: -2 
2 

a 
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2 2 2 2  
a (B - K n2) or and k? 

2 then 26 2 2  
1 = K (n 

B 2 = K ~ ~ - J ? -  2 2  

2 a 

L 
2 a  

(3.1 9) 

Also, we know that ? = 2 + l? a2K2(nt - n2) 2 eolving f o r  K 2 ,  t hea  

2 2 
K -  (3 020) a 2 2  (n, - n2) 2 

By s u b s t i t u t i n g  Eqe. (3.19) and (3.20) i n t o  

2 - then 

K2 

2vL 

v2 

cop3bining E q s .  (3.17), (3.18) and (3.21) along 

(3.21) 

wi th  t h e  f a c t  t h a t  
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then w e  g e t  t h e  c h a r a c t e r i s t i c  equat ion  for t h e  BE modes (minus 

r ign) [22,23 1 : 

and f o r  EB MODES ( p l u s  s ign)  122,231: 

(3 .23)  

(3 .24)  

3.3 of 1. . .  

In t h i s  r e c t i o n  p l o t s  of U VS. V w i l l  b e  presented f o r  bo th  

veakly guiding and an unclad i n f r a r e d  o p t i c a l  f i b e r s  f o r  comparison. 

A graphic  sof tware  c a l l e d  energraphics  i s  used t o  p l o t  t h e s e  curves  

[241 . 
To b e  a b l e  t o  p l o t  t h e  U-V graph,  one has t o  f i r s t  p l o t  t h e  l e f t  

and r i g h t  hand r i d e s  of Eqr. (3.22) and (3.23) f o r  BE and EB modes 

r c r p e c t  ivcly.  
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Eqs. (3.22) and (3.23) are p lo t t ed  i n  Figures  3-1 t o  3-8 f o r  a 

weakly guiding f i b e r  i n  t h e  v i s i b l e  range with t h e  u se  of t h e  follow- 

ing equat ion : 

where index of r e f r a c t i o n  n l  = 1.48 and n 2  

be cons tan ts .  

1.465 a r e  chosen t o  

F igure  3-1 r ep resen t s  t h e  p l o t  of l e f t  hand s i d e  (LBS) and r i g h t  

hand s i d e  (RES) of Eq. (3.22) f o r  BE modes. 

f i g u r e  s e v e r a l  parameters must be  f i r s t  c a l c u l a t e d  such a s  W and 

i y ( W ) .  

a b l e  t o  c a l c u l a t e  W f o r  each assumed U value  by us ing  s e v e r a l  va lues  

of 2a and A. Figure  3-1 ehows f i v e  curves  t h a t  correspond t o  f i v e  2a 

and X va lues ,  t h e s e  a r e  2a = 4 Urn, 5, 6, 8 and 10 grm vhere  1 -75 Um, 

.7, -633, -6 and -55 grm r e spec t ive ly .  

( 3 . 2 4 ) ,  w e  f i r s t  have t o  c a l c u l a t e  K; (W) and Kw(W).  

e a s i l y  found from t h e  modified Bessel's func t ions  t a b l e s  1251 f o r  

I, 

r e l a t i o n :  

In order  t o  p l o t  t h i s  

Values of V were c a l c u l a t e d  from Eq. (3.25) i n  o rde r  t o  b e  

To c a l c u l a t e  zw (W) from Eq. 

Kw(W) can  be  

1, where K'(W) can b e  c a l c u l a t e d  from t h e  fol lowing recur rence  

vhere again both K w + I ( W )  and K w - , ( W )  can be found from t h e  modified 

Beasel's func t ions  t a b l e s  [25] for v = 1. With t h e  assumed va lues  of 
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U t h e  RES of Eq. (3.22) can be  p l o t t e d  eas i ly .  

can be  c a l c u l a t e d  for 1 from t h e  Bessel’s funct ions t a b l e s  1251. 

F i n a l l y ,  bo th  s i d e s  of Eq. (3.22) a r e  p l o t t e d  f o r  P = 1, where P 

r ep resen t s  t h e  f i r s t  zero  of t h e  mode. 

LBS and RES of Eq. (3.22) a r e  mode so lu t ions .  These  i n t e r s e c t i o n  

po in t s  were c o l l e c t e d  along wi th  t h e  V values  ca l cu la t ed  from Eq. 

(3.25) and p l o t t e d  i n  F igure  3-17 labeled a s  BEll mode, which is  t h e  

fundamental mode of t h e  veakly guiding f ibe r .  

The LBS of Eq. (3.22) 

The i n t e r s e c t i o n  po in t s  of t he  

F igure  3-2 is p l o t t e d  using t h e  same procedure descr ibed f o r  

p l o t t i n g  F igu re  3-1. 

used t o  p l o t  EE modes. 

p l o t  t h e  RES of Eq. (3.23). 

c a l c u l a t e d  using t h e  t a b l e s  of modified and Bessel’s func t ions  f o r  v = 

1. Some bumps occur a t  t h e  V 

between t h e  values .  It is c l e a r  t h a t  a s  mode order  increases  t h e  

i n t e r s e c t i o n  p o i n t s  become less. 

and RES of Eq. (3.23) are gathered and p l o t t e d  versues  V in Figure  

3-17 represented  by EBll mode. 

But ins tead  of using Eq. (3.221, Eq. (3.23) is 

Again t h e  same parameters V and W were used t o  

Both x y ( W )  and t h e  LES of Eq. (3.23) a r e  

4.72 and 8.8 due t o  t h e  rapid jump 

The i n t e r s e c t i o n  po in t s  of t h e  LBS 

Figure  3-3 is a l s o  p l o t t e d  f o r  v = 2 using Eq. (3.22) f o r  HE 

It is c l e a r  i n  t h i s  f i g u r e  t h a t  t h e  upper po r t ion  of RES modes. 

curves  of Eq. (3.22) are not  complete because of t h e  f a c t  t h a t  lower 

po r t ion  of t h e  curves  a r e  important vhere t h e  i n t e r s e c t i o n s  v i t h  t h e  

LES of Kq. (3.22) occur. This  mode is represented by BE21 i n  F igure  

3-17 . 
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Figure  3-4 is p lo t t ed  f o r  I ) =  2 us ing  Eq. (3.23) f o r  EB modes. 

But s i n c e  EE modes are  g e n e r a l l y  h igher  than BE m o d e s  then t h e  LHS of 

Eq. (3.23) i n t e r s e c t  with only t h e  h ighes t  V values ,  which means less 

i n t e r s e c t i o n  occur  as t h e  mode becomes higher. 

t h a t  occur a t  V = 4.72 and 8.8 t h a t  i s  due t o  t h e  rap id  jump between 

t h e  points .  Th i s  mode corresponds t o  in Figure  3-17. 

Some bumps are not iced 

F igu re  3-5 shows t h e  p l o t  of Eq. (3.22) f o r  v =  1 and p = 3. 

This f i g u r e  corresponds t o  HE 

W values  used t o  p l o t  F igures  3-1 and 3-4 were used t o  p l o t  t h i s  

f igure .  Bessel's func t ions  t a b l e s  were used t o  c a l c u l a t e  'il JW), 

Jw-{U) and J J U )  of Eq. (3.22). Since t h i s  f i g u r e  r ep resen t s  a 

higher  mode than  t h e  previously p l o t t e d  HE modes, then less in t e r -  

s ec t ion  p o i n t s  occur .  

mode i n  F igure  3-18. The same V and 13 

Figure  3-6 r ep resen t s  t h e  p l o t  of Eq. (3.23) f o r  EE modes. Even 

i n  t h i s  case less intersection p o i n t s  occur because of t h e  order  of 

t h e  mode. 

between t h e  va lues  ca l cu la t ed .  The corresponding p l o t  for t h i s  mode 

is  labeled as EBl2 i n  F igure  3-18. 

Severa l  bumps are not iced  because of t h e  b i g  d i f f e r e n c e  

F igure  3-7 i s  t h e  p l o t  of LHS and RES of Eq. (3.22) f o r  2 and 

p = 3. 

i n t e r s e c t i o n  p o i n t s ,  however, t h e  i n t e r s e c t i o n  of t h e  curve  wi th  V 

8.8 and t h e  cu rve  of t h e  LHS of Eq. (3.22) i s  no t  c l e a r  because t h e  

sof tware used t o  draw t h e s e  curves connects  t h e  po in t s  by drawing 

r t r a i g h t  lines. Therefore ,  t h e  accuracy of reading t h e  va lue  of D a t  

It can  be seen from t h i s  f i g u r e  t h a t  w e  b a r e l y  have two 



23 t h a t  i n t e r s e c t i o n  w i l l  b e  less. 

i n  Figure 3-18. 

This  m o d e  corresponds t o  t h e  HE 

Figure 3-8 is  p l o t t e d  f o r  v = 2 and p = 2. This f i g u r e  shows two 

in t e r sec t ion  p o i n t s  only. The i n t e r s e c t i o n  a t  V 8.8 a l s o  is not  

clear f o r  t h e  same reason mentioned f o r  F igure  3-7. 

reprerented by EH22 mode i n  F igu re  3-18. 

This  m o d e  is 

S imi l a r ly ,  Eqs. (3.22) and (3.23) are p lo t t ed  i n  Figures  3-9 t o  

3-16 f o r  a KRS-5 unclad in f r a red  o p t i c a l  f i b e r  wi th  n1 

n2 

2.37 and 

1 and s e v e r a l  va lues  of 2 a  and 

Figure  3-9 is p l o t t e d  f o r  v = 1 and p = 1. To p l o t  t h e  RES of 

Eq. (3.22) f o r  t h e  HE modes, one has t o  c a l c u l a t e  V and then W from 

i n  t h e  inf ra red  region. 

Eq. (3.25). 

ca lcu la ted  from Eq. (3.25) by using seve ra l  values  f o r  2a  and X 

where n 2.37 and n2 1 are cons tan ts .  Since t h i s  f i b e r  i s  

uncladded then t h e  V number becomes l a r g e r  from t h a t  of t h e  weakly 

guiding f ibe r .  

W can  b e  calculated by assuming seve ra l  U values.  V i e  

1 

Values used t o  eva lua te  V are 2a  * 10 IJ m, 15,  25, and 

40 p m where X = 7 p m, 9 ,  10.6. a d  13 -5 m. It i e  no t i ceab le  from 

Figurer  3-9 that t h e  LHS of Eq. (3.22) is  p l o t t e d  as a s t r a i g h t  l i n e  

t h a t  i s  because t h e  scale has  been expanded bes ides  t h e  n a t u r a l  beha- 

v i o r  of t h e  sof tware i tsel f  t h a t  j o i n s  t h e  po in t s  by a s t r a i g h t  l i n e .  

The LHS of Eq. (3.22) behaves like a tangent. 

funct ions were incorporated t o  c a l c u l a t e  X ,  (W) from Eq. (3.24) and 

(3.26). The i n t e r s e c t i o n  p o i n t s  of LBS and BBS of Eq. (3.22) are 

Again Bessel 
c 

co l l ec t ed  and then p l o t t e d  for  each V value. The corresponding U-V 
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p l o t  of t h i s  f i g u r e  i s  shown i n  F igure  3-17 ind ica ted  by a prime, t h a t  

is REl1* .  

Figure 3-10 shows t h e  p l o t  of Eq. (3.23) f o r  V =  1 and p = 1 .  

The upper po r t ion  of t h e  LRS of Eq. (3.23) is  n o t  p l o t t e d ,  s i n c e  t h e  

important p a r t  is where t h e  cu rve  i n t e r s e c t  wi th  t h e  o the r  V curves  

f o r  t h e  RES of Eq. (3.23).  

and then W i n  F igu re  3-9 were a l s o  used. 

3-17 correspond t o  t h e  i n t e r s e c t i o n  p o i n t s  i n  F igu re  3-10 along wi th  

t h e  V values  spec i f i ed .  

The same 2 8  and parameters t o  c a l c u l a t e  V 

The Elll1’ mode in Figure  

In Figure  3-11 a p l o t  of Eq. (3.22) f o r  v =  2 and p 1 is 

shown. 

t h e  s c a l e  has been expanded t o  achieve b e t t e r  i n t e r s e c t i o n  p o i n t s  of 

t h e  LBS and RRS of Eq. (3.22) and then b e t t e r  readings.  

curves ,  t h e  same method w a s  used as descr ibed previous ly  t o  p l o t  

Figures  3-9 and 3-10, even Figures  3-1 through 3-8. 

p l o t  of t h i s  f i g u r e  is  shovn i n  F igu re  3-17 ind ica ted  by 

The p l o t  of LES Eq. (3.22) is  shown as a s t r a i g h t  l i n e  because 

To p l o t  t hese  

The corresponding 

mode. 

Figure 3-12 shovs t h e  p l o t  of t h e  LBS and RES of Eq. (3.23) for 

EB modes when v = 2 and p = 1 . The normal procedure descr ibed  b e f o r e  

were used t o  p l o t  t h i s  f i gu re .  The LES of t h i s  equat ion behaves l ike 

a cotangent funct ion.  

w i th  t h e  corresponding V va lue  and then p l o t t e d  i n  F igure  3-17 shown 

as EliZl* mode. 

The i n t e r s e c t i o n  po in t s  were c o l l e c t e d  along 

Figure 3-13 is p l o t t e d  f o r  h igher  order  RE modes, when V =  1 and 

p 3 .  This  f i g u r e  r e p r e s e n t s  t h e  p l o t  of LES and RES of Eq. (3 .22) .  
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Small bumps occur  a t  V = 9.64 and 11.25, these  are due t o  t h e  jump 

betveen t h e  va lues  ca l cu la t ed .  

versus  V i n  F igu re  3-18 f o r  comparison v i t h  t h e  BE 

veakly guiding f i b e r ,  t h e  mode i s  HEl3#.  

The i n t e r s e c t i o n  po in t s  are p l o t t e d  

mode of t h e  13 

Figure  3-14 is p l o t t e d  f o r  1 and p = 2.  This  f i g u r e  shows 

t h e  p l o t  of LES and RES of Eq. (3.23) f o r  EE modes. The i n t e r s e c t i o n  

po in t s  of t h i s  f i g u r e  

Figure 3-18 ind ica ted  

In Figure  3-15 a 

order  modes are shown 

versus  V are p l o t t e d  i n  t h e  U-V graph shown i n  

by Elil2# mode. 

p l o t  of LES and RES of Eq. (3.22) f o r  higher  

when v =  2 and p = 3 .  Again t h e  LES of Eq. 

(3.22) looks like a s t r a i g h t  l i n e ,  t h a t  is due t o  t h e  expansion of t h e  

scale i n  o rde r  t o  achieve a b e t t e r  i n t e r s e c t i o n  v i t h  t h e  RES of Eq. 

(3 .22) .  

being connected by emall s t r a i g h t  l i n e s ,  vhich increase  t h e  percent  

e r r o r  i n  reading  t h e  U values  on t h e  X axis where t h i s  i n t e r s e c t i o n  

occurs. This  mode is represented i n  F igure  3-18 by Small 

bumps occurred at V 9.64 and 11.25 in Figure 3-15. 

The i n t e r s e c t i o n  a t  V = 9.64 is  not  clear because po in t s  are 

F igure  3-16 shove a p l o t  of LBS and RES of Eq. (3.23) f o r  v = 2 

and p = 2. Again a t  V = 9.64 i t  is d i f f i c u l t  t o  read t h e  i n t e r s e c t i o n  

po in t  because t h e  LES and RES a t  V 

vhich causes  t h e  percent  e r r o r  t o  inc rease  when reading t h e  U value  a t  

t h e  in t e r sec t ion .  This  mode is  represented by i n  F igure  3-18. 

9.64 do no t  i n t e r s e c t  c o r r e c t l y ,  

F igures  3-17 and 3-18 correspond t o  lover  and higher  o rde r  modes 

of bo th  weakly guiding (F igures  3-1 through 3-81 and a KRS-5 unclad 

in f r a red  f i b e r  (F igures  3-9 through 3-16). The cu to f f  l i n e  i n  both  
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f igu res  i s  found using Table 3-1. This  table  shows bo th  cu to f f  and 

f a r  from c u t o f f  cond i t ions  f o r  bo th  f i b e r s .  These cond i t ions  are 

ca l cu la t ed  using Bessel's func t ion  t a b l e s  and t h e  method of extra-  

polation. An a l t e r n a t i v e  method t o  f i n d  t h e  c u t o f f  cond i t ions  i s  t o  

use Bessel funct ion r o o t s  I261. 

guiding and unclad i n f r a r e d  f i b e r s  are p l o t t e d  on t h e  rame graph f o r  

comparison. It is  evident  t h a t  t h e  V number i n  uncladded in f r a red  

f i b e r  i s  l a r g e r  from t h a t  of a weakly guiding f i b e r ,  because it  i s  

d i f f i c u l t  t o  f a b r i c a t e  a c l a d  i n f r a r e d  f i b e r ,  which makes t h e  index of 

r e f r a c t i o n  of t h e  cladding l a r g e r ,  o r  i n  o t h e r  words, t h e  d i f f e r e n c e  

i n  t h e  index of r e f r a c t i o n  between t h e  c o r e  and cladding becomes 

smaller and t h e r e a f t e r  less modes w i l l  propagate i n  t h e  f i b e r  because 

t h e  V number g e t s  smaller. Another reaeon is t h e  d i f f i c u l t y  of f ab r i -  

c a t i n g  a s i n g l e  mode i n f r a r e d  f i b e r  t h a t  limits t h e  number of 

propagating modes i n  t h e  f i b e r  t o  t h e  fundametnal mode. 

Both HE and EE modes of t h e  weakly 

A t  low V values,modes of t h e  in f r a red  o p t i c a l  f i b e r  overlap those 

of t h e  weakly guiding f i b e r .  As t h e  mode o r d e r  i nc reases  t h i s  behav- 

i o r  disappears  as i r  rhovn i n  F igu re  3-18 fo r  higher  o rde r  modes. 

p r b e  i n  both f i g u r e s  3-17 and 3-18 correrponds t o  KRS-5 unclad i n f r -  

ared o p t i c a l  f i b e r .  

The 
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Cutof I.v = 0, u = v 

Table 3-1. Cutoff Conditions of HE and Ell Modes. 

Y = W = a o  (Mode 

L 

JI (U) = 0 Jo(CJ) = 0 

J , ( U )  = 0 I J , + N ) = O  

I 

Range of single-modc operation 0 < V < 2.405 
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CBAPTER FOUR 

FIBER CHARACTERIZATION AHD TESTING 

4.1 

Since t h e  c u r r e n t  surge  of activit ier i n  t h e  r e rea rch  on IR 

f i b e r s  i r  t h e  r e s u l t  of p ro rpec t ive  a p p l i c a t i o n  of t h e r e  f i b e r r  i n  

wide areas of medical practice, such 88 endorcoper and larer de- 

l i v e r y  ryrtcm i n  rurgery 14-71, i n i t i a l  requirements on f i b e r r  a r e  

t h e r e f o r  ru f f  i c i e n t  f l c x i b i l i t y ,  pover ca r ry ing  c a p a b i l i t y ,  rearon- 

ab ly  low 1088, abrence of t o x i c i t y ,  and chemic81 ine r tnea r  f o r  t h e  

purpose of rep lac ing  a r t i c u l a t e d  arms and t h e  u r e  of n a t u r a l  body 

o r i f i c e s  f o r  nonin t rus ive  d i agnos t i c s  and rurgery.  

s a t i s f i e d  wi th  f i b e r r  of millimeter diameter  and l o a r c s  of f r a c t i o n  

of a dB pe r  meter. 

able .  

h c a l i t t d  burns ,  t h e  development of m c b  rmaller diameter and even 

. ingle m o d e  fibers i s  essential. Such r equ i r anen t r  will conven- 

i e n t l y  u t c h  those i n  h igh  speed IR conmunication ryrtems which re- 

q u i r e  f i b e r s  t h a t  have low 1088, l o w  d i r p e r r i o n  and wide 

t ran  s par  enc y b and . 

There can be 

F i b e r s  s a t i s f y i n g  t h e r e  cond i t ione  are nov avai l -  

However, a n t i c i p a t i n g  f u t u r e  p inpoin t  rurgery  wi th  highly 

Table 4-1 rhovs p e r t i n e n t  f i b e r  parameters. Thore t h a t  concern 

our  work are t ransparency bend, b r i t t l e n t S S ,  hardness  , f l e x i b i l i t y ,  

8 t 8 b i l i t y  o r  rhe l f  l i f e ,  and thermal behavior.  
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Tab l e  4-1. F i b e r  Parameter8 

P rope r ty  

Transparency Band: 

Lor sea : 

Toxic i t y  : 

S o l u b i l i t y  : 

Eygroacopic i t y :  

Re f rac t  i v e  I n d a :  

Brittleness: 

Hardness : 

F l a i b  i l i t y  : 

C r y s t a l  S t r u c t u r e :  

Photosems it i v i t y  : 

Shelf-Lif e: 

S t a b i l i t y :  

Disperron:  : 

Thermal Behavior:  

The range of t h e  spectrum p e r m i t t i n g  pasaage of 
r a d i a t i o n  o r  P A Y t i C h S .  

The a c t u a l  power t h a t  is lost  i n  t r a n a m i t t i n g  A 

s i g n a l  from m e  p o i n t  t o  ano the r  through a 
red ium. 

The k i n d  and amount of poison o r  t o x i n  possessed 
by A chemical substance.  

The a b i l i t y  of a rubs t ance  t o  form a r o h t i o n  
v i t h  Another rubstance.  

The tendency of a material t o  absorb v a t e r  from 
t h e  AtmOSphere. 

The r a t i o  of the  phase v e l o c i t y  of l i g h t  i n  a 
vacuum t o  th8t  i n  a s p e c i f i e d  medium. 

That  p rope r ty  of a material manifested by 
f r a c t u r e  v i t h o u t  appreciable p r i o r  p l a s t i c  
def O f l l A  t ion 

The resistance of a m e t a l  o r  o t h e r  m a t e r i a l  t o  
i n d e n t a t i o n ,  s c r a t c h i n g ,  . b r a s i o n ,  o r  c u t t i n g .  

The q u a l i t y  or s t a t e  of be ing  a b l e  t o  b e  f l a e d  
or ben t  repeatedly.  

The arrangement and i n t e r r e l a t i o n  of t h e  p a r t s  
Of t h e  C V S t . 1 .  

The a b i l i t y  of t h e  material t o  p r e a e r v e  i t s  
c h a r a c t e r i s t i c s  vhen i l l umina ted  v i t h  l i g h t .  

The t h e  t h a t  e l a p s e s  b e f o r e  s t o r e d  m a t e r i a l s  o r  
dev ices  become i n o p e r a t i v e  or unusab le  due t o  
age or d e t e r i o r a t i o n .  

The c a p a b i l i t y  of t h e  m a t e r i a l  t o  r e t a i n  i t s  
ChArACtcriSticS in an adve r se  environment. 

The r a t e  of change of r e f r a c t i v e  index wi th  
vavc leng th  o r  frequency a t  A g iven  v a v e l m g t h  o r  
frequency 

The behav io r  of A p r o p e r t y  of A material i n  an 
adverse environment. 
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Transparency i s  t h e  a b i l i t y  of t h e  f i b e r  t o  t ransmi t  o p t i c a l  

s i g n a l s  over a s p e c i f i c  range of t h e  spectrum. 

of an o p t i c a l  f i b e r  is determined by t h e  m a t e r i a l s  used t o  f a b r i c a t e  

such a f ibe r .  

f ab r i ca t ing  IR o p t i c a l  f i b e r s ,  and t h e s e  are heavy metal polycrys ta l -  

l i n e  and Chalcogenide g l a s s  o p t i c a l  f ibers .  

have v ide r  t ransparency band as compared t o  chalcogenide g l a s s  

f i b e r s  . 

The t ransparency band 

There are two types of IR m a t e r i a l s  u sua l ly  used i n  

P o l y c r y s t a l l i n e  f i b e r s  

Transparency band is  s i g n i f i c a n t  t o  us ,  because a f i b e r  t h a t  

t r ansmi t s  over a wide range of t h e  spectrum is  compatible v i t h  t h e  

tunable  diode laser (TDL) t h a t  has a wavelength t u n a b i l i t y  range from 

3 p m  t o  30 vm. Therefore  it is necessary t o  relect a m a t e r i a l  having 

a MID t o  FAR in f ra red  window. This  i s  done by choosing a mter ia l  

t h a t  has as l a r g e  a band gap as p o s s i b l e  i n  order  t o  r e s t r i c t  t h e  

e l e c t r o n i c  band edge l imi ted  by Eayleigh s c a t t e r i n g  and 08 ions 

( r e s u l t i n g  from t h e  f a b r i c a t i o n  of IR f i b e r s )  t o  high photon energ ies  

of t he  ehor t  vavelcngth side,  and phonon bands ahould be  loca ted  a t  a 

s u f f i c i e n t l y  long wavelength so t h a t  multiphonon absorp t ion  t h a t  

occurs  when inc iden t  l i g h t  of s u f f i c i e n t  photon energy is  absorbed by 

a valence e l e c t r o n  and moves i n t o  t h e  conduction band w i l l  be  minimiz- 

ed i n  t h e  mid and f a r  IR. 

weak bonding forces .  

s t i t u e n t  atoms, it  is  p o s s i b l e  t o  p r e d i c t  that t h e  t ransparency of a 

compound v i 1 1  depend on t h e  atomic ve ight  of t h e  anions it conta ins .  

This  u s u a l l y  c a l l s  f o r  heavy atoms and 

Since anions a r e  usua l ly  t h e  l i g h t e r  of t h e  con- 
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Thus, an increase  i n  I R  t ransmiss ion  is t o  b e  expected wi th  a 

progression down t h e  V I B  o r  V I I B  groups of t h e  per iodic  t ab le .  

The u t i l i z a t i o n  of s t i l l  heavier  groups is ,  t o  some e x t e n t ,  

counter  product ive,  s ince  t h e  weaker bonding t h a t  occurs due t o  t h e  

ex is tance  of weak i n t e r a c t i o n  between atoms t o  form molecules would 

r e s u l t  i n  t o o  d e l e t e r i o u s  an  e f f e c t  on mechanical p rope r t i e s .  Thus, 

heavy covalent  materials tend t o  be  weak and b r i t t l e ,  o f t e n  water- 

so luble  mater ia l s .  C lea r ly  such p r o p e r t i e s  are imposing i n t o l e r a b l e  

c o n s t r a i n t s  upon mass f i b e r  product ion processes.  There i s  the re fo re  

a need f o r  some degree of compromise between c o n f l i c t i n g  o p t i c a l  and 

mechanic a1 performance c harac ter  is  t ic 8 .  

The r e l a t i v e  merits of g l a s s  o r  c r y s t a l l i n e  s ta tes  are complex 

and again involve c o n f l i c t i n g  mechanical and o p t i c a l  parameters. 

Generally speaking, it appears  t o  b e  harder  t o  syn thes i ze  a g l a s s  as 

c u t  of f  wavelengths increase  s ince  those  m a t e r i a l s  which are g l a s s  

formers become weaker, less s t a b l e  and more d i f f i c u l t  t o  f ab r i ca t e .  

This e f f e c t  is i l l u s t r a t e d  i n  F igu re  4-1 1291 w h e r e  t h e  IR t rane-  

mission spec t r a  of a number of p o t e n t i a l  g l a s s  f i b e r  materials are 

shown. Table 4-2 shows t h e  t ransmission range of c r y s t a l l i n e  I R  

f i be r s .  S i l i c a  and o the r  mechanically s t rong  glasserr c u t  of f  i n  t h e  

near  I R  whereas ionic  f l o u r i d e s  having s l i g h t l y  decreased s t r e n g t h s ,  

t ransmit  i n t o  t h e  m i d  I R .  Classical chalcogenides  are f a r  weaker 

having t y p i c a l  Vickers hardness numbers around 200 bu t  t ransmi t t ing  
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Table 4-2. Transmission Range of Crystals .  

Hater i a l  
Wave 1 emg t h ( m i c  r ons 

0 . 1 4 . 2  0.2-5 5-10 10-20 20-30 30-35 35+ 

Quartz 

L i p  

c=2 

BaF2 

S rF2 

NaC 1 

KC 1 

NaI 

KBr 

AgC 1 

T l C l  

K RS -6 

AgBr 

T l B r  

CsBr 

KRS-5 

CSI 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X X 

X X X 
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across  t h e  whole MID I R  waveband, and rare-earth-modified chalco-  

genides are t r anspa ren t  t o  around 20vm b u t  a r e  only a b l e  t o  be  

formed i n  very small  amounts by rap id  quenching techniques.  

Trade-offs of t h e  p r o p e r t i e s  vi11 e x i s t :  f o r  example, KRS-5 

( tha l l i um chlorobromide) is less va ter -so luble  than pure T l C l  b u t  , 

consider ing f l e x i b i l i t y ,  it is  harder  than e i t h e r  T l C l  or TlBr .  

S p e c i f i c a l l y ,  KRS-5 i s  r e l a t i v e l y  in so lub le  i n  water and non-hygro- 

scopic ,  Table  4-3 shows t h e  s o l u b i l i t i e s  of c r y s t a l s  i n  vater. 

However, t ha l l i um con ta in ing  compounds such as KRS-5 are tox ic  s i n c e  

they con ta in  a heavy metal .  

Table  4-3. S o l u b i l i t y  of c r y s t a l s  i n  water. 

Quartz 

caF2 

SrF2 

KRS-5 

T lBr  

I n s o l u b l e  

-6 12 x 10 

1.5 x 10 -4 

1.31 .: 

1.17 x 

c4.76 x 

4.76 x 

BaP2 

L i p  

0 -12 

0.27 

~- ~~~~ 

KRS-6 

T1C 1 

KC 1 

RaC 1 

K B r  

CeI 

C s B r  

NaI 

< 0.32 

0 -32 

34 07 

36 .O 

65 .2 

85 05 

124 .O 

185 .O 
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Hardness and b r i t t l e n e s s  are important mechanical p r o p e r t i e s  of 

IR f i b e r s ,  as they r ep resen t  t b e  " t e n s i l e  strength." 

defined as t h e  r e s i s t a n c e  of a metal o r  material t o  inden ta t ion ,  

scratching,  abrasion,  or c u t t i n g .  It is measured i n  WOE. Th i s  i s  an 

a r b i t r a r y  scale used t o  d e s c r i b e  t h e  hardness of s e v e r a l  mineral  sub- 

s tances  on a scale of 1 through 10. 

Hardness i s  

Tens i l e  S t r eng th  is  def ined as t h e  maximum stress a material sub- 

jected t o  a s t r e t c h i n g  load can  withstand without t ea r ing .  

measured i n  N/m 

t he  f i b e r  g r a i n  s ize .  

small g r a i n  s i z e  f i b e r s ,  decreasing as g r a i n  s i z e  increases .  The 

bending y i e l d  po in t  and t e n s i l e  s t r e n g t h  were determined from t h e  

l a t e r a l  bending of samples  [30). 

a c t e r  of t h e  deformation of t h e  samples i e  d i c t a t e d  by t h e  or ien-  

t a t i o n  of t h e i r  l ong i tud ina l  a x i s ,  and t h e  n a t u r e  of t h e i r  f r a c t u r e  

i s  d i c t a t e d  by t h e  o r i e n t a t i o n  of t h e  planes i n  each sample as sbovn 

i n  Table  4-4 [301. 

t e n s i l e  s t r e n g t h  of KRS-5 and KRS-6 c r y s t a l s  [301. Compressive y i e l d  

point  is  def ined as t h e  po in t  a t  which t h e  f i b e r  beg ins  t o  c rack  wi th  

f u r t h e r  compression. 

compressive deformation is  determined by t h e  c r y s t a l l o g r a p h i c  o r i e n t a -  

t i o n  of t h e  sample. Microhardness i s  de f ined  as t h e  hardness of 

microscopic areas of a metal or a l loy .  

materials are l i s t e d  in Table 4-6 [301. 

It  is  

T e n s i l e  s t r e n g t h  depends s t r o n g l y  on 2 2 or Kg/m . 
Yield and u l t i m a t e  s t r e n g t h  are g r e a t e r  f o r  

It w a s  e s t a b l i s h e d  t h a t  t h e  char- 

T a b l e  4-5 ahowe t h e  compressive y i e l d  p o i n t  and 

J u s t  as i n  t b e  bending case, t h e  n a t u r e  of t h e  

Wicrohardness f o r  t h e  same 
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B r i t t l e n e s s  i s  t h a t  proper ty  of a material manifested by f r a c t u r e  

v i thou t  apprec iab le  p r i o r  p l a s t i c s  deformation. 

f i b e r s  are very b r i t t l e  as compared t o  o the r  I R  f i b e r s  such as poly- 

c r y s t a l l i n e  s i l v e r  h a l i d e  and g l a s s  chalcogenide. 

molecular compounds of KRS-5 c o n s i s t  of two o r  more s t a b l e  spec ie s  

held toge the r  by veak forces .  

KRS IR o p t i c a l  

Because t h e  

Table 4-4, Bending y i e l d  poin t  and t e n s i l e  s t r e n g t h  
of KRS-5 and KRS-6 s i n g l e  c r y s t a l s .  

Crys ta l lographic  o r i e n t a t  ion Yield T e n s i l e  
Plane po in l ,  s t r e n  t h ,  f Longitudinal  Plane 

Crys t a l  ax is  A B k g / m  k g / m  

Table 4-5. Compressive y ie ld  poin t  8nd t e n s i 9  s t r e n g t h  
of KRS-5 and KRS-6 c r y s t a l s ,  k g / m  . 

C r y s t a l  KRS-5 KRS-6 

Crys ta l lographic  
o r  i e n t a t  ion t1001 t 1 l O l  (1111 tl0Ol t 1 l O l  t1111 

Our d a t a  (24)* 7 6 ( 5 , 2 ) *  3.2 1.4 

- - - - 1.31 - 
From d a t a  of 1141 (18.2)* - - - - - 
From d a t a  of [13 1 

* Tens i l e  s t r e n g t h  valuee are enclosed i n  parentheses ,  y i e l d  point 
values  are  not.  
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Table 4-6. Hicrohardness of KRS-5 and KRS-6 c r y s t a l s .  

2 C r y s t a l  Or ien t a t ion Microhardness k g / m  
From d t a  From d a t a  

of t151a f! Our dataa 
of 111 

KRS-5 

KRS-6 

[ lo01 36 e 2  
11101 32 05 
i l l 1  1 27 09 

t 100 I 30 -1 
[I101 26 -8  
1111 I 25 -4 

39.8 
33.2 

- 

38.5 
29 .9 - 

39 04 
38.0 
40.8 

10 g load f o r  15 seconds 

From Knupp 

a 

F l e x i b i l i t y  is an important p r a c t i c a l  Consideration f o r  o p t i c a l  

f i b e r s .  

f lexed o r  bent  repeatedly,  

very f l e x i b l e .  This  i s  caused by t h e  lack of d i s l o c a t i o n s  i n  the 

material’s atomic s t r u c t u r e .  D i s loc8 t ions  are l a t t i c e  d e f e c t s  q u i t e  

unique i n  t h a t  t h e i r  movement products  t h e  p l a s t i c  deformation of 

c r y s t a l s  and t h a t  t h e  mechanical p r o p e r t i e s  of c r y s t a l s  are l a r g e l y  

determined by t h e  behavior of d i s l o c 8 t i o n s  i n  c r y s t a l s .  I n  a d d i t i o n ,  

width t o  l eng th  r a t i o  would a f f e c t  t h e  f l a i b i l i t y  of t h e  f i b e r ,  Modu- 

l u s  of e l a s t i c i t y  is def ined as t h e  r a t i o  of t h e  increment of some 

s p e c i f i e d  form of stress t o  t h e  increment of some s p e c i f i e d  form of 

s t r a i n .  

grees .  A f l e x i b l e  f i b e r  can b e  bent  v i t h o u t  any f r a c t u r e .  

It is  def ined as t h e  q u a l i t y  o r  s t a t e  of being a b l e  t o  be  

Haterials v i t h  high e l a s t i c i t y  nodulus are 

F l a i b i l i t y  is measured by bending t h e  f i b e r  i n  va r ious  de- 

The degree 
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of f l e x i b i l i t y  depends on t h e  atomic s t r u c t u r e  of t he  mater ia l .  Glass  

f i b e r s  do not  con ta in  d i s l o c a t i o n s  i n  t h e i r  atomic s t r u c t u r e ,  s i n c e  

d i s l o c a t i o n s  exist i n  c r y s t a l s  only caused by d e f e c t s  and l a r g e r  

percentage of covalen t  bonds than ion ic  bonds a i s t  in  g l a s s  s t r u c t u r e  

than i n  c r y s t a l  s t r u c t u r e .  

t h e  atomic r e g u l a r i t y .  Thus, h a l i d e s  a r e  more f l e x i b l e  compared t o  

g l a s s  f i b e r s  s i n c e  they e x h i b i t  d i s l o c a t i o n s  i n  t h e i r  atomic s t r u c t u r e .  

It has been observed t h a t  t h e  f l e x i b i l i t y  of c e r t a i n  c r y s t a l l i n e  f i b e r s  

can be enhanced a t  e leva ted  temperatures;  KRS-5 becomes "plast ic- l ike ' '  

a t  25OoC t o  35OoC. Because a t  t h i s  temperature range the  e l a s t i c i t y  

is high enough f o r  KRS-5 (ThBr) t o  become very f l e x i b l e .  

b e  bent  i n t o  almost any a r b i t r a r y  conf igura t ion ,  which it r e t a i n s  a f t e r  

i t  coo l s  t o  room temperature  [ X I  . 

The presence of d i s l o c a t i o n s  w i l l  i n t e r r u p t  

This  f i b e r  can 

One of t h e  i n t e r e s t i n g  p r o p e r t i e s  of o p t i c a l  f i b e r s  i s  s t a b i l i t y  

(long she l f  l i f e ) .  

material t o  r e t a i n  i t s  c h a r a c t e r i s t i c s  i n  an adverse environment, f o r  

example, extreme temperature.  F i b e r s  with short she l f  l i f e  i s  of l i t t l e  

practical use. S t a b i l i t y  occurs  due t o  t h e  growth of g r a i n  s i z e  of t h e  

f i b e r  r e s u l t i n g  from t h e  temperature  grad ien t .  

S t a b i l i t y  i s  def ined as t h e  c a p a b i l i t y  of t h e  

Extrusion is used t o  produce o p t i c a l  f i be re .  Extrusion is  normally 

done on preform near  t h e  melt ing po in t  so t h a t  t h e  m a t e r i a l  f l o v s  f r e e l y  

a s  shown i n  F igure  4-2. Melting po in t  is def ined a s  t h e  temperature  a t  

which a r o l i d  of a p u r e  substance changes t o  a l i q u i d .  

temperatures of s e l e c t e d  IR c r y s t a l s  are l i s t e d  i n  Table 4-7. A concern 

with preformed c r y s t a l  ( p o l p c r y r t a l l i n e  ma te r i a l s )  is long term g r a i n  

The  mel t ing 
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Argon --)= 

Argon Pressure 
control 
system 

Silica crucible 

n Diameter monitor m 
- Coating cone n 

Take-up drum 

Figure 4-2. Setup of f i b e r  drawing 
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s i z e  growth s i n c e  t h e  g r a i n  s i z e  i s  a func t ion  of t h e  ex t rus ion  tempera- 

tu re .  Therefore ,  mechanical p rope r t i e s  such as tensile s t r e n g t h  w i l l  b e  

r e l a t e d  t o  ex t rus ion  temperature. For example, t h e  higher  t h e  tempera- 

t u r e ,  t h e  l a r g e r  t h e  g r a i n  s i ze ,  t h e  lower t h e  t e n s i l e  s t rength .  For 

t h i s  reason it i s  very important f o r  us  t o  test IR o p t i c a l  f i b e r s  a t  

LN temperature  s ince  these  f i b e r s  w i l l  be  bu t t ed  t o  t h e  tunable  diode 

laser (TDL), which is cooled wi th  t h e  same temperature. 

2 

Table  4.7. Hel t ing  po in t s  of s e l ec t ed  o p t i c a l  c r y s t a l s  

Hater i a l  Temperature (OC) Material Temperature (OC) 

Quartz 

SrF2 

caF2 

BaF2 

L i F  

AaC 1 

KC 1 

K B r  

NaI 

1610 

1450 

1360 

1280 

942 

80 1 

776 

730 

651 

C s B r  

C S I  

T l B r  

AgC 1 

AgBr 

TlCl 

KRS-6 

KRS-5 

63 6 

62 1 

460 

455 

43 2 

43 0 

423 

414 
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4.2 on 

There have been s e v e r a l  experimental  i n f r a r e d  materials demonstra- 

t i n g  transmission i n  t h e  midrange i n f r a r e d  (8-12 urn). 

f i r s t  time, materials are becoming a v a i l a b l e  f o r  a c t u a l  u se  i n  indust- 

r i a l  a p p l i c a t i o n s ,  sensors ,  and a p p l i c a t i o n s  where f l e x i b i l i t y  is 

important. 

h a l i d e  p o l y c r y s t a l l i n e  and chalcogenide g l a s s  are being marketed i n  

sheathed, s i n g l e  f i b e r  form. 

nov, f o r  t h e  

Clad and unclad f i b e r s  of heavy metal  s i l v e r  and tha l l i um 

S i l v e r  h a l i d e  f i b e r s  (AgCl) of 0.1 f a n  diameter have been drawn using 

ex t rus ion  method by Asahi Glass [ 3 3 l .  

supplied t o  US. F igu re  4-3 i l l u s t r a t e s  t h e  a t t e n u a t i o n  versus  wave- 

length f o r  t h i s  f i b e r  [331, 

Table 4-8 shows some of t h e  d a t a  

Table 4-8. Data of s i lver  h a l i d e  f i b e r  (AgCl). 

Length : Max. 300 c m  (100 cm normal) 

D i a m e t e r :  F i b e r  - 1 mum, c8ble - 6 nun 

Usage Temp.: -10' -6OOC ( f o r  more than 6OoC, c o o l e r  

i s  needed) 

Minimum Bending Radius: 

Strength:  13 kg 

Focus Lense: S i l i c o n  C r y s t a l  ( d i a .  8 PPIP, f-10nrm) 

I n f r a r e d  Sensor: For considerat ion.  

3 c m  ( s t a t i c ) ,  20 c m  ( r e p e a t i n g )  
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Figure 4 - 3 .  Attenuation verrur wavelength of r i l v e r  hal ide  (AgC1). 



Data have been provided by Asahi Glass on some of t h e  important 

p rope r t i e s  of t h i s  f i b e r ,  such as thermal e f f e c t ,  hygroscopici ty ,  and 

bending. 

f i b e r  a t  6OoC. 

6OoC and 90% moisture  [331 .  

Figure  4-4 i l l u s t r a t e s  t h e  transmismion ver rus  time of AgCl IR 

Where F igure  4-5 shovs t h e  t ransmission versur  t h e  a t  

I I 

I Temperature I 
Q) 
u 
E 

0 Figure  4-4. Transmission versus  time a t  60 C. 

n 
o\o 
v 

0 
u 
C 
((I 
U 
U 

U _j Moisture 
601: YOoKrur 

0 L L  10 50 100 uy 

Passed  T i m e  (Hrs) 

0 Figure  4 .5 .  Transmirrion versus  time a t  60 and 90% moisture.  
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Figure 4-6 shows t h e  transmission a t  various degrees of bending. 

Figure 4-7 i l l u s t r a t e s  the loss of  transmission a t  various bending 

number [33] .  

corresponding l o s s  of transmission. 

This i s  the  number of times t h e  f iber is  bent versus the 

0 

NAz0.s 
Incident 
B e a m  

I I 1 
I50 200 50 IO0 

T 
Bending r a d i i  (irm) 

Figure 4 . 6 .  Trammission versus bending r a d i i  of s i l v e r  hal ide  
(AgC1) f iber .  
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I I I I I I I I I 1 I 
0 50 IO0 

Bending Number 

Figure  4.7 . Transmission versus  bending number of 
s i l v e r  h a l i d e  (AgC1) f i b e r .  

Clad chalcogenide f i b e r  can now be  drawn from extruded rod and tube 

combinations. Focusing on t h e  Ge-Sb-Se g l a s s  system, t h e  c ladding  is 

cons t ruc ted  using a s l i g h t  compositional modif icat ion.  An e f f e c t i v e  

c ladding  m a t  e x h i b i t  a lower r e f r a c t i v e  index and reduced c o e f f i c i e n t  

of thermal expansion while  maintaining a similar v i s c o s i t y  f o r  drawing. 

This  i s  accomplished through precise composi t ional  modi f ica t ion  of t h e  

Ge-Sb-Se g l a s s  systems. 

f i b e r  are l i s t e d  i n  Table  4-9 [ 3 4 ] .  Table 4-10 rhows stme of t h e  d a t a  

of Ge-Sb-Se f i b e r  suppl ied t o  u s  by "Gal i leo Electro-Optics Corporation" 

Some of t h e  t y p i c a l  phys i ca l  p r o p e r t i e s  of t h i s  

(351 . 
The c ladding  e s t a b l i s h e s  a new l e v e l  of s t r e n g t h  p o t e n t i a l  t h a t  can  

be  developed through an ou t s ide  compressive stress. The m o s t  popular 

c ladding material is Teflon. This  m a t e r i a l  e x h i b i t s  ou ts tanding  and 
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Table 4-9. Phys ica l  p r o p e r t i e s  of Ge-Sb-Se g l a s s  f i b e r .  

Density 4.67 g/cm 2 

Coef f ic i e n t  of thermal expans ion 15 x /K 

Modulus of e l a s t i c i t y  

Knoop hardness ( 5 0  gram load) 

22 x lo3 N/= 2 

150 k g / m  2 

Poieson's r a t i o  0.25 

Thermal conduc t iv i ty  301 x W/m K 

Refrac t ive  index @ 22Oc and 10.5 p m 2.598 

Lover anneal ing temperature ( a t  n p Pas) 240 OC 

Table 4-10. Data of Ge-Sb-Se chalcogenide g l a s s  o p t i c a l  f i b e r .  

FEATURES : 

Material : 

S p e c t r a l  Response: 

Index of Core Materiel: 

b m e r  ic a 1 Aperture  : 

Operating Temperature: 

A t  t enua t ion : 

CO Laser Transmission: 

F ibe r  Diameter: 

Core/Clad Rat io: 

2 

C hale ogenid e G las B 

6 micron t o  11 microns 

2.6 a t  10 microns 

Greater than 0.4 

200' Centigrade (maximum) 

Less than 10 db/meter 

Under inves t iga t ion  

300 microns 

0.6 
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mechanical, chemical,  and phys ica l  p roper t ies .  

average t e n s i l e  s t r eng th  of 1 0 3 ~ 1 0 ~  N/m measured i n  Newton p e r  u n i t  

These f i b e r s  e x h i b i t  an 

2 

a rea  with t h e  h ighes t  recorded t e n s i l e  s t r eng th  of 2 2 7 ~ 1 0 ~  N/m 2 . 
Strength  can b e  s t rong ly  a f f e c t e d  by su r face  condi t ione  of t h e  f ibe r .  

The a t t e n u a t i o n  of present  300 l J m  f i b e r  produced by Ga l i l eo  

Electro-opt ics  1351 is ehovn as a func t ion  of wavelength i n  F igure  4-8 ,  

with a range of 6-8 dB/m. Continuing development i s  expected t o  

s i g n i f i c a n t l y  lover  t h e  present  losses .  

a r e f r a c t i v e  index of 2 . 6 ,  proper  su r face  f i n i s h e s  are requi red  t o  

minimize r e f l e c t  ion losses .  

Because these  ma te r i a l s  possess 

A 

E 
12 

6 

4 

I I I I I 
6.0 7.0 8.0 9.0 10.0 11.0 

WAVELENGTH (pm) 

Figure  4-8. Attenuat ion versus  vavelength of Ge-Sb-Se 
chalcogenide g l a s s  f i b e r .  
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Another t ype  of IR chalcogenide g l a s s  f i b e r s  based on As-Ge-Se-Te 

ma te r i a l e  have been f a b r i c a t e d  by ”Compagnie Lponnaiee de  

Transmissions Optiquea” 1361 . These f ibere  are s u i t a b l e  f o r  

t r ansmi t t i ng  o p t i c a l  s i g n a l s  in  t h e  in f r a red  wavelength region 

ranging from 5.5 t o  11 microns. They are p a r t i c u l a r l y  use fu l  in  a 

v i d e  range of app l i ca t ions .  Table  4-11 shows t h e  c h a r a c t e r i e t i c e  of 

t h i s  f i b e r .  

Table  4-11. C h a r a c t e r i s t i c .  of Ar-Ge-SrTe chalcogenide 
glarr o p t i c a l  f i b e r .  

Typ ica l  P i b e r  Charac t e r i r  t ic a 

Core d i ame te r  

Ou t r ide  d i ame te r  

Core material 

200 p m  

400 p m  

A8 Ce Se Te 

Cladding mater i a l  polypropylen,  PTFE 

A t t m u a t  ion - Lerr than 2 dB/m i n  a l a r g e  
p a r t  of t h e  range 5.5-10 a m  - Betveen 4 and 5 dB/m a t  
10.6 u m  ( l i m i t e d  by t h e  mult i -  
phonic rbmorpt ion) 

2 Power d m r i t y  accep ted  5 t o  10 W/cm 

Uinimum r a d i u s  of c u r v a t u r e  1 cen t ime te r  

Temperature range t-50°c + 125°cl 

~~ ~ ~ 

Cable t y p e  AM 60 ( o u t s i d e  d i ame te r  about 3 UQ) 

Unit lmgthr a v a i l a b l e :  1, 2 ,  5 retcrr  

U k i n u m  radium of c u r v a t u r e :  5 centbeterr  

Temperature range: !-50°C + 125OCI 

M u h u m  t e n r i l e  load: 20 dal’i 
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4.3 -re of Tee- in our.laboratorv 
We have been a b l e  t o  ob ta in  only a l imited number of IR f i b e r s  of 

d i f f e r e n t  mater ia l  category and of less than a foo t  of u s e f u l  length  

such a s  p o l y c r y s t a l l i n e  s i l v e r  h a l i d e ,  KRS-5 and chalcogenide g l a s s .  

Standard l o s s  measurement were se tup  and performed on t h e s e  f i b e r s .  

Thermal shock, mechanical d u r a b i l i t y  and f l e x u r e  measurements were 

a l s o  made. Table  4-12 shows some of t h e  d a t a  suppl ied t o  u s  along 

with t h e  f i b e r  samples by sources.  

A schematic of t h e  test se tup  used i e  shown i n  F igu re  4-9 and t h e  

a c t u a l  s e tup  i n  F igure  4-10. The f i b e r  was mounted on a f i b e r  holder  

bent  t o  avoid d i r e c t  d e t e c t i o n  from t h e  CO laser r ad ia t ion .  The 

output end of t h e  f i b e r  was aimed a t  t h e  optimum d e t e c t i o n  area of 

2 

t h e  de t ec to r .  

low power BeNe laser as a beam s p l i t t e r  as alignment a id .  

The f i b e r  was a l igned  f i r s t  with t h e  C02 laser using 

F i b e r  l o s s  

measurements was based on t h e  c u t  back method [371. Since t h e  number 

of f i b e r s  w e  had were few, and f i b e r  length  w a s  s h o r t ,  a l l  tests were 

performed and da ta  gathered b e f o r e  the cut back technique vas used. 

The C02 laser beam w a s  f i r s t  chopped and then d i r e c t e d  toward 

t h e  entrance t i p  of t h e  f i b e r .  The t ransmi t ted  r a d i a t i o n  wae 

de tec ted  a t  t h e  exit end of t h e  f i b e r ,  pre-amplified 8nd then fed 

i n t o  an osc i l loscope .  

immersing them i n  an LN bath.  F i b e r  l o s s  was measured be fo re  and 

a f t e r  t h e  immersion f o r  t h e  s t r a i g h t  s e c t i o n  and one wi th  a 90 degree 

F i b e r s  were t e s t e d  a t  LN2 temperature by 

2 

bend. The bending r ad ius  w a s  va r i ed  by wrapping t h e  f i b e r  around a 
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cone-shaped g l a s s  f l a s k  wi th  a narrow neck and a w i d e  base. I t s  

mounting on a v e r t i c a l  jack provided t h e  necessary v e r t i c a l  motion 

f o r  t h e  f l a s k ,  and thus  a v a r i a b l e  wrapping r ad ius  f o r  t h e  f i b e r .  

Several  unclad IR o p t i c a l  f i b e r s  were t e s t e d  a t  room temperature. 

The t ransmi t ted  s i g n a l  of t h e  C02 laser was de tec ted  f o r  comparison 

wi th  t h o l e  t r ansmi t t ed  through t h e  IR f i b e r s  and considered as a re- 

fe rence  s i g n a l  i s  shown i n  F igu re  4-11. The t ransmi t ted  r i g n a l  de- 

t ec t ed  f o r  s i l v e r  h a l i d e  f i b e r  using HgCdTe IR d e t e c t o r  is  shown i n  

F igure  4-12. 

500 microns. 

The f i b e r  l eng th  was 5 inches wh i l e  t h e  co re  r ad ius  w a s  

The KRS-5 IR f i b e r  of 8 inches vas t e s t ed .  The t ransmit ted 

s i g n a l  through t h e  f i b e r  vas de tec t ed  and is  shown in Figure  4-13. 

F ibe r  r ad ius  was 2 5 0 ~  m. 

G e  As Se g l a s s  f i b e r  was t e s t e d  a t  room t e m p e r a t u r e  15 10 75 

(75OF). 

lengths  (11 inches) were used t o  f a c i l i t a t e  t h e  focusing and a l ign-  

m e n t  problem. The t ransmi t ted  s i g n a l  through t h i s  f i b e r  was de tec ted  

and i s  rhown i n  F igu re  4-14. F igu re  4-15 demonetrates t h e  f l e x i b i l i -  

t y  of a one f o o t  Ge15As10Se75 g l a s s  f i b e r  and 4 cm bending 

radius .  The t ransmiasion versus  wavelength of t h i s  f i b e r  is  shown i n  

F igure  4-16 1381. 

A bundle  of t h r e e  f i b e r s  of t h e  same kind and equal  

As2S3 g l a s s  f i b e r  vas t e s t e d  a t  room temperature (75OF). 

Again a bundle of t h r e e  i d e n t i c a l  f i b e r s  were used i n  t h e  test t o  

f a c i l i t a t e  t h e  focusing and alignment problem. 

f i b e r s  is  8 inches. The t ransmi t ted  s i g n a l  through t h i s  f i b e r  was 

The length of t hese  
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detected and is shown i n  F igu re  4-17. This  f i b e r  however i s  very 

f l e x i b l e  and t h e  f l e x i b i l i t y  of it i s  shown i n  Figure 4-18 f o r  2 cm 

bending radius .  The t ransmission versus  wavelength of t h i s  f i b e r  i s  

shown i n  F igure  4-19 [38) .  

The t ransmission p r o p e r t i e s  are s tudied  f o r  s i l v e r  h a l i d e ,  KRS-5 

and chalcogenide IR o p t i c a l  f i b e r s  a t  LR2 temperature. 

of r e f r a c t i o n  of s i l v e r  h a l i d e  w a s  2 and f o r  KRS-5 w a s  2.4. Where 

and A s  S chalcogenide g l a s s  f i b e r s  f o r  both Ge15As10Se75 

were 4.48 and 2.39, r e spec t ive ly .  The index of r e f r a c t i o n  of l i q u i d  

n i t rogen  was 1.2503 a t  -190OC. 

The index 

2 3  

S i l v e r  h a l i d e  (AgC1) IR o p t i c a l  f i b e r  was t e s t e d  a t  LN2 ( l i q u i d  

n i t rogen)  temperature (77k). The t ransmi t ted  s i g n a l  w a s  de tec ted  

using HgCdTe d e t e c t o r  and is  shown i n  F igure  4-20. By comparing t h i s  

r e s u l t  wi th  t h e  measurement done a t  room temperature (304K) shown i n  

F igure  4-12, i t  is c l e a r  t h a t  t h e  s i g n a l  de tec ted  a t  LN2 tempera- 

t u r e  decreased by 50% f o r  a 5 inches long and 500 microns c o r e  r ad ius  

f i b e r  . 
K R S - 5  (TlBrI)  IR o p t i c a l  f i b e r  vas a l s o  t e s t e d  a t  LN2 tempera- 

t u r e  (77K). 

Figure 4-21. The t ransmiss ion  a l s o  decreased by 50% from t h a t  when 

t h e  same f i b e r  w a s  t ea t ed  a t  room temperature shown i n  F igure  4-13. 

The length  of t h i s  f i b e r  is  5 inches long whi le  t h e  c o r e  r ad ius  i s  

250 microns. 

The t ransmi t ted  s i g n a l  w a s  de tec ted  and i s  shown i n  

An 11 inch long Ge15As10Se75 g l a s s  f i b e r  w a s  tested a t  

LN2 temperature (77K). 

of t h i s  f i b e r ,  which means t h a t  t h e  t ransmission decreased by 25% f o r  

The output  s i g n a l  shows a 75% transmission 
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t h e  same f i b e r  tested a t  room temperature shown i n  Figure 4-14, The 

t ransmit ted s i g n a l  of t h i s  f i b e r  a t  LN temperature is shown i n  

Figure 4-22. 

2 

The t ransmission proper ty  of AS S 2 3  IR g l a s s  f i b e r  a t  LN2 

temperature (77K) vas inves t iga ted .  The f i b e r  w a s  capable  of 

t ransmi t t ing  75% which means a 25% reduct ion i n  t h e  t ransmission from 

that when t h e  same f i b e r  vas t e s t e d  a t  room temperatures. The t rans-  

mit ted s i g n a l  of t h i s  f i b e r  a t  LN 

4-23. 

temperature i s  shown i n  Figure 2 

By comparing between t h e  de tec ted  s i g n a l s  of t h e  unclad IR f i b e r s  

t e s t e d  a t  room temperature  and those  t e s t e d  a t  LN temperature,  w e  2 

n o t i c e  t h a t  c l e a n e r  s i g n a l s  are achieved without any no i se  o r  vibra-  

t i o n  e f f e c t .  Th i s  i a  because d i f f e r e n t  f i b e r  ho lder  was used f o r  t h e  

case when IR f i b e r s  were t e s t e d  under LN 

of f i b e r  ho lder  i s  considered here ,  because f i b e r s  t h a t  are not  held 

properly w i l l  tend t o  v i b r a t e ,  

no t iced  i n  some of t hese  s igna l s .  

temperature. The e f f e c t  2 

This v i b r a t i o n  w i l l  cause t h e  no i se  

Data suppl ied by sources  and rome of our r e s u l t s  are prerented i n  

Table  4-13. 

The purpose of t e s t i n g  t h e  metall ic p ipe  is  t o  compare i t s  

t ransmission proper ty  wi th  those  of t h e  I R  o p t i c a l  f i b e r  f o r  f u r t h e r  

app l i ca t ions  t o  TDL LES system in t eg ra t ion .  

A f l e x i b l e  metallic p ipe  was t e s t e d  a t  room temperature (75'F) 

The t ransmi t ted  s i g n a l  of t h i s  p ipe  ur ing 10.6 microns C02 laser. 
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is shown i n  F i g u r e  2-24. 

when t e s t e d  t o  avoid direct  exposure of l a s e r  beam t o  t h e  de t ec to r .  

This cau t ion  is  considered because t h e  laser beam might damage t h e  

detector,  s i n c e  t h i s  d e t e c t o r  i s  very s e n s i t i v e  t o  laser r ad ia t ion .  

The hollow metall ic p ipe  was s l i g h t l y  bent  

4.4 Results 

The de tec t ed  s i g n a l  of s i l v e r  h a l i d e  f i b e r  (F igure  4-12) has 

However, t h i s  may b e  due t o  t h e  s h o r t  shown g r e a t  t ransmission.  

length of t h e  f i b e r .  

occurs  due t o  v i b r a t i o n  of t h e  f ibe r .  

The s i g n a l  de t ec t ed  has no t  shown n o i s e  which 

The de tec t ed  s i g n a l  of KRS-5 f i b e r  (F igure  4-13) showed a l a r g e r  

amplitude compared t o  s i lver  h a l i d e  f i b e r .  

showed n o i s e  i n  i t s  output  s igna l .  This  i s  due t o  t h e  v i b r a t i o n  of 

t h e  f i b e r  and test set up. 

used. 

However, KRS-5 f i b e r  

Espec ia l ly  s i n c e  an o p t i c a l  t a b l e  was not  

The o p t i c a l  table  can  preserve  t h e  s t a b i l i t y  of t h e  setup. 

The same f i b e r  holder  was used f o r  t e s t i n g  bo th  s i lver  h a l i d e  and 

KRS-5 f i b e r s .  The f i b e r  ho lder  vas changed for t e s t i n g  chalcogenide 

g l a s s  f i b e r s ,  s i n c e  t h e s e  f i b e r s  have smaller c o r e  diameters than 

both  s i l ve r  h a l i d e  and KRS-5 f i b e r s .  

The de tec t ed  s i g n a l  of Ge14As10Se,5 g l a s s  f i b e r  (F igu re  

This  i s  caused by t h e  v i b r a t i o n  of t h e  4-14) showed a l a r g e  noise .  

f i b e r ,  s i n c e  t h i s  f i b e r  has  a sma l l e r  diameter  than h a l i d e  f i b e r s ,  i t  

v i b r 8 t e s  e a s i l y .  

mission. 

source and t h e  f i b e r .  

Also t h i s  f i b e r  has  shown a g r e a t  drop i n  t h e  t rans-  

This  is due t o  poor alignment and focusing of t h e  laser 
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I n  F igure  4-17 t h e  shape of t h e  de tec ted  s i g n a l  of As2S3 

chalcogenide g l a s s  f i b e r  has  changed. This is  due t o  t h e  change in  

modulation frequency of t h e  chopper. 

Both F igure  4-20 and 4-21 show less no i se  i n  t h e  de tec ted  s igna l  

of s i l v e r  h a l i d e  and KRS-5 f i b e r s ,  r e spec t ive ly  when tested a t  LN2 

temperature. Because less v i b r a t i o n  of t hese  f i b e r s  occurred. Since 

proper f i b e r  ho lder  vas used and both  ends of t h e  f i b e r  were properly 

f ixed ,  t h e  de t e red  s i g n a l  f o r  bo th  f i b e r s  vas dropped t o  50% from 

t h a t  when t e s t e d  a t  room temperature,  because of t h e  f r i g i d  tempera- 

t u r e  of LN2. 

I n  F igure  4-22 t h e  de tec ted  s i g n a l  of Ge15As10Se75 g l a s s  

f i b e r  showed a l a r g e  loss .  

laser source and t h e  f i b e r .  

This is  due t o  poor alignment of t h e  

The shape of t h e  de t ec t ed  s i g n a l  of As2S3 chalcogenide g l a s s  

f i b e r  i n  F igu re  4-23 vas changed. 

of t h e  chopper vas changed t o  g e t  optimum s i g n a l  of t h e  f i b e r .  

Because t h e  modulation frequency 

The d e t e c t e d  s i g n a l  of t h e  hollow m e t a l l i c  p ipe  ehovn i n  F i g u r e  

4-24 i l l u s t r a t e s  s eve ra l  sp ikes  and a l a r g e  loss .  This is  due t o  

poor alignment and focusing of t h e  laser source and me ta l l i c  p ipe ,  

and i n s t a b l e  motorized t r a n s l a t i o n  s t a g e  used t o  hold t h e  p ipe  in t h e  

experiment. It is  c l e a r  t h a t  t h e  s i g n a l s  of IR f i b e r s  are l a r g e r  

than that of t h e  me ta l l i c  pipe. 
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Table 4-12. D s t a  suppl ied by sources.  

F ibe r  
Bol ide  KRS-5 Chalcogenide Chalcogenide 

Property (AgCl) ( G e l  5As10Se75) (As2 S3 1 

Transparency ( U  m) 

Losses (dB/m) 

Tox ic i t y  

Hygroscopicity 

Refract i ve  Index 

Crys t a l  S t r u c t u r e  

Photosens it i v i t y  

Brittleness 

F la ib i 1 i t y  

Diameter ( u m) 

0.6-20 

5 

No 

Yes 

-- 
PC 

Y es 

No 

Yes 

-- 

0.4 

Y e s  

-- 
2 -4 

PC 

No 

0 -9-15 

10-16 

BO 

-- 
2 -48 

-- 
No 

Yes 

-- 

0 -7-10 

10-16 

BO 

2 -39 

-- 
BO 

Yes 
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1 8 0  D e g r e e  b e n d i n 2  

F i g .  4. 9 .  Schematic. o f  t e s t  setup. 
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0RIGINA.C PAFE Is 
f i b e r  , OF Podk 'QUALITY 

He-Ne l a s e r  
'for f iber  
a 1 ignmen t 

c02 

f i b e r  

Figure 4-10. Actual test setup.  
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2 'I 

Figure 4-11. Transmitted s ignal  of Co laser. 2 

I :V 
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0.2 V/DIV 

Figure 4-12. Transmitted s ignal  of silver halide at 
room temperature (75 0 P.) 
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RRIGINAL' PAGE rs 
OF POOR .QUALITY 

2 V 

Figure 4-13. Transmitted sign21 of KRS-5 a t  room 
temperature (75 PI. 

I 'D I V 
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0 . ,2  'I D :V 

Figure 4-14 Transmitted s igna l  of GelSAs10Se,2 
chalcogenide g l a s s  f i b e r  a t  room 
(7S°F) 

emperature 
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ORIGIN= FRGE IS 
OF POOR QUALITY 

Figure 4-15. Sample of Ge A8 Se chalcogenide 
glass f iber '?t ?$om '?emperature (75'F). 
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Figure 4-16. Tranrmirrion verrur vavelength of 
Ge15Ar10Se75 g lare  f i b e r .  
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ORIGINAL PAGE IS 
OF POOR .QUATATTY 

Figure 4-17. Transmitted s igna l  of As S chalcogenide 
g l a s s  f i b e r  a t  room temperature 2 3  (75 0 PI. 
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t '  . . . .  

Figure 4-18. A sample of As2S3 chalcogenide g l a s s  
f i b e r  shows a l s o  the f l e x i b i l i t y .  
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I O  

Figure 4-19. Transmission versus wavelength of 
As2S3 glass fiber.  
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ORIGINAL PXGE E3 
OF POOR .QUiLITY: 

Figure 4-20. Transmitted signal of silver halide 
at LN2 temperature (77 k). 



(DBIGINAL PAGE IS 
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2 V l D I V  

Figure 4-21. Transmitted s ignal  of KRS-5 fiber a t  
LN2 temperature (77  k) . 
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0.2 V/DIV 

7 
Figure 4-22. Transmitted s i g n a l  of G t 1 5 A s  S e  

chalcogenide g l a r e  fiber a t  IN2 ZLpera- 
ture ( 7 7  k) . 
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0.2 V/DIV 

Figure 4-23. Transmitted s igna l  of A s  S3 chalcogenide 
g l a s s  f i b e r  at  LN2 temperature ( 7 7  K ) .  
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0 

Figure 4-24. Transmitted s ignal  of a hollow 
metal l ic  pipe.  

. 1 'D I V 



Table 4-13. Data suppl ied by sources  and some of our 
r e s u l t s  from measurements of I R  o p t i c a l  f i b e r s .  

IR Fibe r  
S i l v e r  C ha IC ogen i d e  Cha IC ogen id  e Cha IC ogen ide  
Hal ide Glass Glass Glass * [351 

Property (AgC1) (Ge15As10Se75) (Aa2S3) ( “2 a? 1 2 “60 KRS-5 

Transmiss ion 
Range ( m) 0.6-20 0 02-35 0 09-15 0.7-10 5-10 

Losses 
(dB/m) 0 -7 

Toxic i ty  No 

-4 S o l u b i l i t y  
(g/lOO) 1.5x10 

D iame t er 
( IJ m) 1000 

Mode Mu 1 t bode 

Ab s o r p t  ion 
Coeff ic ien t  
(cm- 

Ref rac  t ive  
Index 

Tens i le  
S t reng$b 
(Kg/uun 1 

Eardoer s 

F l a i b i l i t y  

Crys t a l  
S t ruc tu re  

Photo- 
aens it i v i t y  

1.98 

13 

2 (n0a) 

3 C P  

PC 

No 

T r a n m i r r  ion 
a t  LN2 Temp. SO% 

0.12 10-16 10-1 6 6-8 

Yes No No No 

5x10-2 -- 5 .17x10-5 

500 3 60 340 300 

Hultimode H u l t h o d e  Multimode Multimode 

2 -39 2.598 2 .4 2.48 

3.8 Good Good 160 

2-3 (HOE) 17  1 ( K g / d  2 -3 (Moa) 1 50 ( K g  /d 

NO P es Pes Y e s  

PC Glass Glass Glass 

NO No No No 

50% 75% 75% -- 

* Cowmtrcial 
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CEAPTER FIVE 

SYSTEM INTEGRATION 

5.1 

A few in tegra ted  C02 laser systems with hollow piping and 

f i b e r s  have been repor ted  and are i n  t h e  market. 

p i p e  F-75 f l e x i b l e  f i b e r  d e l i v e r y  system is  an example wi th  a 75 c m  

long hollow tube of a 2 nm diameter and an 85% t ransmiss ion  when 

s t r a i g h t  and a 60% t ransmiss ion  wi th  a 90 degree  bend. 

t h i s  s i z e  de l ive ry  system cannot provide a fer-mode or single-mode 

t ransmission,  highly d e s i r a b l e  o r  even abso lu te ly  necessary i n  IR 

broadband and coherent  conintunicat ion systems. 

The Laakmann hollow 

Obviously 

We a r e  i n  t h e  process  of f a b r i c a t i n g  a hollow p i p e  compatible 

wi th  a r i g i d  waveguide-package l ens  u n i t 8  f o r  high l e v e l  of adapt- 

a b i l i t y  t o  tunable  d iode  laser (TDL) f r o n t  end and BgCdTe o r  

metal-oxide-metal (XOH) d iode  r ece iv ing  end. 

an arrangement i s  shovn i n  F igu re  1-3. 

An i l l u s t r a t i o n  of such 

This  system is proposed f o r  coupl ing i n t o  hollow p i p e s  of 

extremely small dimension. D i r e c t  b u t t i n g  between TDL and f i b e r  is 

assumed, un le s s  such b u t t i n g  is  no t  p o s s i b l e  i n  p rac t i ce .  

ca se ,  t h e  arrangement shown i n  F igu re  1-3 can  b e  used f o r  remote TDL 

t o  f i b e r  input  coupling. 

In t h i s  
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The e n t i r e  f iber-TDL-detector i n t eg ra t ed  system w i l l  be  t e s t e d  

and upgraded cont inuously as improved f i b e r s  become ava i l ab le .  It is  

an t i c ipa t ed  i n  a more d i s t a n t  f u t u r e  TDL can be  housed i n  minia ture  

r e f r i g e r a t o r s  or are free from them completely wi th  high temperature 

l a s e r  diodes.  

The i n t eg ra t ed  system c o n r i e t s  of 8 tunable  diode larer mounted 

i n  a minia ture  hollow m e t a l l i c  waveguide. 

(C 

i n  Figure 5-1. A plano-convex l ens  made of e i t h e r  ZeSe or Ge is 

mounted i n  f r o n t  of a bi-convex l ens  such t h a t  t h e  f i r s t  l ens  w i l l  

co l l ima te  t h e  diverging laser beam as t h e  second lens focurer  t h e  

l a s e r  beam as shown i n  F igure  5.2. A t h i r d  plano-concave l ens  i s  

used t o  conver t  t h e  converging laser beam i n t o  a co l l imated  beam. 

The laser beam passing through t h e  plano-concave lens is d i rec t ed  t o  

t h e  input  end of t h e  hollow m e t a l l i c  p ipe  f o r  vaveguiding. 

A l t e rna t ive ly ,  an I R  o p t i c a l  f i b e r  can b e  ured. The output  end of 

t h e  vaveguide i l lumina ted  some type  of I R  lenser t h a t  ve re  ured t o  

guide t h e  laser beam. The f i r s t  l ens  i s  a plano-convex used t o  

d i r e c t  t h e  diverging beam; t h e  aecond lens is 8 bi-convex used t o  

c o l l e c t  t h e  laser beam and then focuser  it i n t o  t h e  a c t i v e  area of 

t h e  HOH room temperature de t ec to r .  This  d e t e c t o r  i s  a l s o  mounted i n  

a meta l l i c  waveguide. The MOM diode package is ahown i n  F igu re  5-3. 

The cleaved coupled c a v i t y  

3 of t h e  TDL is  d i r e c t l y  clamped t o  t h e  coupl ing u n i t  as shown 
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CHAPTER SIX 

CONCLUSION 

It has been shown t h a t  laser system i n t e g r a t i o n  and packaging i s  

poss ib l e  wi th  t h e  reduct ion  o r  replacement of o p t i c a l  components such 

as lenses  and mir rors  by f i b e r s  ( s e e  F igu re  1-31. 

velopment i o  based on improved I R  f i b e r s  and tunable  diode lasers 

such a s  room temperature TDL t o  e l i m i n a t e  t h e  requi red  cryogenic en- 

vironment, and c l ad  I R  o p t i c a l  f i b e r s  t o  reduce a t t e n u a t i o n  and 

number of modes . 

Future  system de- 

Several  types of unclad c r y s t a l l i n e  and g l a s s  o p t i c a l  f i b e r s  

vere tested both  a t  room and LN2 temperatures  f o r  t ransmission.  

vas not iced t h a t  t h e  t ransmiss ion  of bo th  KRS-5 and s i l v e r  h a l i d e  

f i b e r s  had decreased by 50% vhen tested a t  LN2 temperature  from 

t h e i r  room temperature values .  

g l a s s  f i b e r s  a t  LN2 had been reduced by 25% from t h a t  tested a t  

room temperature. 

t h e  TDL and MOM room temperature  d e t e c t o r .  

It 

The t ransmiss ion  of both  chalcogenide 

These I B  f i b e r e  are dimensional ly  compatible wi th  

Signal  t ransmission d e t e c t i o n  f o r  unclad o p t i c a l  f i b e r s  i n  our  

labora tory  shoved poor results due  t o  t h e  v i b r a t i o n  of those  f i b e r s .  

Besides,  weak s i g n a l s  v e r e  de t ec t ed  f o r  unclad chalcogenide g l a s s  

f i b e r s  poss ib ly  due  t o  t h e  misalignment of t h e s e  f i b e r s .  

alignment of bo th  t h e  C02 l a s e r  and f i b e r  

w i l l  r e s u l t  i n  b e t t e r  measurements. 

. 

Improved 

and accura te  equipaents  
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Theore t i ca l  Mode a n a l y s i s  was performed t o  show t h e  d i f f e r e n c e  

between weakly guiding and unclad IR o p t i c a l  f i b e r s .  

w a s  found t h a t  more modes propagate  i n  t h e  uncladded o p t i c a l  f i b e r s  

compared t o  t h e  weakly guiding f i b e r s  due t o  l a r g e  V numbers i n  t h e  

unclad o p t i c a l  f i b e r s .  

fe rence  i n  t h e  index of r e f r a c t i o n  of fiber core and c ladding  ( n i l  

f o r  air)  i r  l a r g e  compared t o  t h e  weakly guiding f i b e r  ( A e 0-01) - 
Since unclad o p t i c a l  f i b e r s  support  tremendous amount of modem, then 

they are not  des i r ed  i n  communications. 

As expected it 

These l a r g e  V numbtrr occur because t h e  d i f -  

Future  work c a l l s  f o r  t h e  improvement of i n f r a r e d  f i b e r r  i n  many 

aspec ts ,  such as f i b e r  f a b r i c a t i o n  process  and most important ly ,  t h e  

s u i t a b l e  c lading.  Current IB f i b e r s  are cladded v i t h  "TEFLON." Eov- 

ever ,  some f i b e r s  such as KRS-5 can  b e  cladded v i t h  KRS-6 s i n c e  t h e  

index of r e f r a c t i o n  of t h e s e  compounds are c l o s e l y  matched. 

ing a s i n g l e  mode IR f i b e r  w i l l  b e  a g r e a t  achievement i n  t h e  f i e l d  

of o p t i c a l  cormmrnications due t o  t h e i r  high b i t  rate, v i d e  bandwidth, 

and ultra-low lose. 

Pabr ica t -  
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